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1  Introduction 
Rodentia is the most numerous and most diversified order of mammals, representing 
about 43 % of the total number of mammalian species. They are distributed almost 
worldwide and inhabit a broad range of habitats including forest, desert, agricultural 
land, and urbanized regions (Wilson, Lacher Jr, and Mittermeier 2016). 
The order Eulipotyphla, includes more than 400 species, comprising hedgehogs and 
gymnures (family Erinaceidae), solenodons (family Solenodontidae), the desmans, 
moles, and shrew-like moles (family Talpidae) and true shrews (family Soricidae), of 
which the most feed almost exclusively on insects. Equally to rodents they are 
globally distributed and inhabit all continents, except Antarctica (Wilson and 
Mittermeier 2018). 
Due to their close proximity to humans, rodents and insectivores, i.e. shrews, often 
function as reservoir hosts of numerous zoonotic viruses. They serve as a connection 
between humans, domestic animals, wildlife and e.g. arthropod vectors  (Meerburg, 
Singleton, and Kijlstra 2009). They can spread viruses either between the respective 
reservoir hosts or to accidental dead-end hosts. 
Various molecular methods and workflows have been developed for the identification 
of novel viruses or virus variants, directly without prior agent cultivation or after virus 
isolation. The choice of the optimal method depends on the aim of the study, the 
agents to be detected and their genome organization. Common methods are 
conventional polymerase chain reactions (PCRs) in different formats (e.g. generic or 
nested format), quantitative reverse transcription polymerase chain reaction (RT-
qPCR) and High-Throughput sequencing (HTS), which can be applied separately or 
in combination, e.g. in a sophisticated workflow. 
Even if the implementation of new technologies, like HTS and optimized workflows in 
combination with classical PCR methods resulted in numerous discoveries of novel 
viruses in the recent past (Supplement, Table S1), still only a small portion of the 
whole number of different viruses (so-called ´virome´) in rodents is known (Drewes et 
al. 2017; Wu et al. 2018). In congruence to this, knowledge about pathogens in 
squirrels and shrews is also scarce.  
Therefore, the studies described in this thesis present the characterization of 
reservoir hosts, exemplary in squirrels and shrews. In addition, results from selected 
approaches for the search and detection of novel viruses in these reservoir hosts are 




knowledge on viruses in rodents and shrews and their function as relevant reservoir 
hosts. 
In the literature review, general knowledge about reservoir hosts, the current 
knowledge on the virus diversity in rodents, workflows used for virus identification, 
and orthoborna-, polyoma-, and herpesviruses will be reviewed in more detail. 
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2  Literature review 
2.1. Rodents and other small mammals and their role as reservoirs 
Rodentia is the most numerous mammalian taxon. Most rodents are small animals 
with compact bodies, short extremities and long tails, and display a great variability in 
their body weight dimensions. While the capybara (Hydrochoerus hydrochaeris) is 
the largest living rodent in the world and can weigh up to 79 kg, the great majority of 
rodents weigh less than 100 g (Wilson, Lacher Jr, and Mittermeier 2016). 
Rodents developed different adaptations and survival strategies through historical 
evolutionary processes, which led to their numerous and pervasive presence. These 
strategies include e.g. physical adaptations concerning their tooth morphology, and 
extremely high reproduction rates. As an example, in case of the house mouse (Mus 
musculus) a single female produces between 5-10 litters annually, of which each 
consist of 5-6 offspring. The latter are in turn able to reproduce at approximately 30 
days of age. This exceptional enormous breeding capabilities enable a high 
adaptivity to changing environmental conditions  (Wilson, Lacher Jr, and Mittermeier 
2016). 
The morphology of most species belonging to the order Eulipotyphla is characterized 
by a rather small body size, pointy noses, sharp teeth and relatively small eyes. 
Shrews are small-bodied mammals that have particularly high metabolic rates that 
cause them to be constantly active throughout day and night and requires continues 
food intake. Moles are insectivores which are specialized for digging and spend the 
majority of their time underground in extensive burrow systems. Hedgehogs and 
gymnures are closely related and belong to the family Erinaceidae. These small to 
moderately sized mammals are native to Africa, Eurasia and South East Asia. Only 
two species of solenodons remain today and these live on the island of Hispaniola 
(Solenodon paradoxus) and in Cuba (Solenodon cubanus). They have ancient 
lineages and are poisonous, nocturnal, burrowing, insectivorous mammals, which 
have larger bodies than moles and shrews. Their body size reaches around 30 cm 
and they weigh between 0.7 and 1.0 kg (Wilson and Mittermeier 2018). 
There exist different and controversially discussed definitions of the term ‘reservoir’ 
but most definitions share the following characteristics, which will also be applied for 
the actual studies: i) reservoir hosts are chronically infested with the agent, ii) they 
harbour and maintain it, iii) they are able to transmit it to other individuals, but iv) they 
do not show any clinical signs (Haydon et al. 2002). Viruses are often highly specific 
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concerning their hosts and target cells within the host that they infect (Reece et al. 
2011). However, in addition to the reservoir hosts some viruses infect also accidental 
(spill-over) hosts. The latter are normally not able to further transmit the virus in the 
context of its natural replication cycle and in the majority of cases the accidental 
hosts develop clinical signs and might even die due to the infection (Blood and 
Studdert 1998). 
Besides bats, which are well studied reservoir hosts for many pathogens, rodents 
and insectivores, i.e. shrews, also play an important role as reservoir hosts for a 
variety of zoonotic and non-zoonotic viruses. Possible routes for virus transmission 
are either direct contacts like biting or scratching or indirect contact through infected 
faeces, urine or saliva (e.g. hantaviruses), or through the alimentary route by 
contaminated water or food products. Common examples for rodents as reservoir 
hosts include e.g. different orthohantaviruses, such as Dobrava-Belgrade virus 
(Klempa et al. 2003), Tula virus (Plyusnin et al. 1994) and Seoul virus (Lee et al. 
1980), and Cowpox virus (Hoffmann, Franke, et al. 2015) (Table 1). 
Of course there are also rodent-associated viruses that are considered to be non-
zoonotic, like e.g. the squirrel adenovirus 1 (SqAdV-1) (Abendroth et al. 2017) and 
different rodent polyomaviruses, such as the bank vole polyomavirus (Nainys et al. 
2015). Rodents and shrews can also be reservoirs for vector-borne pathogens, like 
e.g. the tick-borne encephalitis virus (Gritsun, Lashkevich, and Gould 2003) (Table 
1). In this scenario the animals carry the pathogen and serve as potential virus 
source for arthropods with vector function that feed on them, but they do not play a 
direct role in transmission to humans.  
New technologies contribute to increase the number of known reservoir hosts, e.g. 
Han et al. used machine learning for processing data about biology, ecology, and life 
history traits of selected rodents. These data can be used for the prediction of 
potential novel reservoir hosts of zoonotic diseases (Han et al. 2015). 
Living in close surrounding of humans in general strengthens the idea of small 
mammals as present infection source and therefore potential risk for humans, 





2 Literature review 
9 
 










dsDNAa                                                    
(linear) 




Cricetidae (Hoffmann, Franke, et 

























Cricetidae (Lopez et al. 1996) 







Soricidae (Bourg et al. 2013; 
Hilbe et al. 2006; 





Puumala virus Myodes 
glareolus 
Cricetidae (Brummer-
Korvenkontio et al. 
1980) 
Tula virus Microtus 
arvalis 
Cricetidae (Plyusnin et al. 1994) 
Seoul virus Rattus 
norvegicus 




























Muridae (Klempa et al. 2008) 
Hantaan virus Apodemus 
agrarius 
Muridae (Lee, Lee, and 
Johnson 1978) 
 
a double-stranded deoxyribonucleic acid 
b single-stranded ribonucleic acid of positive polarity 
c single-stranded ribonucleic acid of negative polarity 
2 Literature review 
10 
 
2.2. Current knowledge on the virus diversity in rodents and other small 
mammals 
Virus diversity, concerning the number of viruses and their genetic variability, is 
extremely large (Anthony et al. 2013). Research efforts are therefore ongoing to 
analyse virus diversity in more detail, especially in their natural reservoir hosts, and 
novel virus-reservoir-relationships are discovered by using novel detection 
technologies (Han et al. 2015). 
In this regard, Anthony et al. used the Indian Flying Fox (Pteropus giganteus) to 
estimate the diversity of viruses in this species and predict the possible viral diversity 
in mammals. According to the author’s speculative results, it is extrapolated that in 
mammalian species a minimum of around 320,000 new viruses is waiting for 
discovery. In addition according to Anthony and colleagues the following limitations 
need to be considered concerning this assumption: it is assumed that all 5,486 
described mammalian species harbour an average of 58 viruses belonging to the 
nine families of interest (as estimated in P. giganteus) (Anthony et al. 2013). 
Furthermore, it is hypothesized that all these viruses exhibit 100 % host specificity 
(Anthony et al. 2013). As these postulations cannot be generalized for all virus 
species, the number of unknown viruses is probably even much higher. 
Modern molecular methods, especially the availability of HTS-instruments and 
sequencing services in the last decade, allowed a rapid increase in the detection rate 
of novel viruses (Supplement, Table S1). This makes not only an important 
contribution to an increased scientific knowledge, but is also important for the 
identification of disease aetiologies and implementation of control measures. 
 
2.3. Workflows for the identification and genetic characterization of viruses 
2.3.1. Initiation 
Initiation for such a workflow can be the occurrence of a disease of unknown 
aetiology, where the aim is to determine the potential aetiology of the disease. 
Furthermore, metagenomic ‘open-view’ or pan/generic PCR/reverse transcription 
PCR (RT-PCR) screenings of a large set of samples are used for the search for novel 
pathogens. 
A HTS-based attempt was followed e.g. in case of the detection of a SqAdV-1 in 
Eurasian red squirrels, Sciurus vulgaris, after death of an adult squirrel with enteritis 
in 2013 (Abendroth et al. 2017; Wernike et al. 2018) and a novel respirovirus in a Sri 
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Lankan Giant squirrel (Ratufa macroura). The latter caused most likely the death of a 
squirrel, that showed typical lesions associated with pneumonia (Forth et al. 2018).  
The second approach, testing with ‘open view’ methods for the possible presence of 
novel viruses without initial relation to a certain disease, was also applied on Norway 
rats (Rattus norvegicus) and other rodents and shrews before, like reported e.g. by 
Firth et al., Johne et al., Sachsenröder et al., and Wu et al. (Firth et al. 2014; Johne et 
al. 2019; Sachsenröder et al. 2014; Wu et al. 2018) (Supplement, Table S1). 
Furthermore, the generic RT-PCR approach was successfully used for the 
identification of novel hepato-, hepaci-, hepe- and hepadnaviruses in rodents and 
shrews (Drexler et al. 2015; Drexler et al. 2013; Johne et al. 2010; Rasche et al. 
2019; Ryll et al. 2019). 
 
2.3.2. General workflows 
Different workflows can be applied for the detection of novel viruses. Essential steps 
in such workflows are the choice of appropriate samples and the nucleic acid 
preparation, followed by a variety of molecular methods for virus detection and finally 











Figure 1: Schematic of exemplary workflows for virus detection. (A): virus 
cultivation prior to virus detection with High-Throughput Sequencing (HTS); (B): 
classical approach including the screening with polymerase chain reactions 
(PCRs/RT-PCRs) in different formats, long distance-PCR (LD-PCR), primer-walking 
and dideoxy-chain termination sequencing; (C): metagenomic HTS approach with 
hybrid-capture enrichment; samples potentially including a novel virus are indicated 
in green; source of pictures: Microsoft Powerpoint Pictogramms, http://phylopic.org, 
Geneious version 2019.2 (Biomatters, available from https://www.geneious.com). 
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2.3.3. Sampling and sample preparation 
The initial and very important step of the workflows for virus detection consists of the 
right choice of samples. Sampling depends on the initiation of the investigation. While 
in case of diseased animals with unknown aetiology the focus lies on organs with 
pathological peculiarities, for metagenomics or broad generic PCR/RT-PCR 
screenings more or less all tissues can be used. Blood, due to viremia, or faeces are 
frequently used for the detection of different viruses. In cases where a virus detection 
approach is done with stool samples it needs to be verified whether the found 
pathogens belong really to the tested host or whether it originates from a ´cargo´-host 
in the intestine. E.g. evidence of a murine virus in faeces of a raptor might be due to 
the fact that the bird has eaten a mouse before. Non-invasive sampling, such as 
collection of swab samples, is a common tool for testing live animals. The outcome of 
the detection of a given virus is markedly determined by the selection of appropriate 
samples, e.g. in case of bornaviruses there is very good evidence that brain material 
is the most suitable sample (Hoffmann, Tappe, et al. 2015; Schlottau, Hoffmann, et 
al. 2017) and in case of hepatitis viruses liver is the sample of choice (Ryll et al. 
2017). 
The workflow continues either after virus isolation or directly without initial agent 
cultivation. Virus cultivation (Figure 1A) is done for virus enrichment and can be 
performed either in vivo by giving the homogenized and filtrated sample into an 
animal, such as a suckling mouse or in vitro by placing the sample onto cell cultures. 
The choosen cell culture of course needs to be susceptible for the virus to be 
detected. Common cell lines used for virus cultivation are BHK-21 cells (baby 
hamster kidney cells), Vero cells (simian kidney cells) or PK-15 cells (pig kidney 
cells) and recently also special reservoir-derived cell lines were established as 
optimized cell culture models for the investigation of these viruses in vitro (Binder et 
al. 2019; Eckerle, Lenk, and Ulrich 2014; Essbauer et al. 2011). 
 
2.3.4. Nucleic acid extraction 
The next important step is nucleic acid extraction. Various methods are available for 
this purpose, including different commercial kits and automatic extraction machines. 
Nucleic acid can also be extracted using a combination of commercial kits and an 
automatic purification system. Following extraction, the obtained ribonucleic acid 
(RNA)/ deoxyribonucleic acid (DNA), RNA alone or DNA alone can be used for a 
2 Literature review 
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variety of different molecular detection methods. These methods differ in sensitivity, 
specificity and price and therefore for each project the best suitable method has to be 
defined. Common molecular detection assays include conventional PCR, RT-PCR, 
RT-qPCR (Figure 1B) and HTS (Figure 1C) and will be reviewed in the following 
sections. 
 
2.3.5. Molecular methods for initial detection of viruses 
The molecular detection workflow for a virus infection is usually based on a 
pathogen-specific attempt, using pathogen-specific PCR or RT-PCR. Variants of the 
general PCR approach include e.g. nested PCR or quantitative PCR (qPCR) or 
corresponding RT-PCR-formats. For a broad detection of related viruses generic or 
panPCRs can be used (Figure 1B). 
In order to ensure successful nucleic acid extraction and a sufficient sample quality, 
additional internal controls (ICs), such as the enhanced green fluorescent protein 
(eGFP) gene (Hoffmann et al. 2006) and/or primers and probes targeting a house-
keeping gene, e.g. the beta actin gene (Toussaint et al. 2007), are added to the PCR 
mastermix. In addition, in each round of all applied PCRs no template controls 
(NTCs), in form e.g. of H2O, are carried along to identify possible contaminations. 
HTS technologies have revolutionized the possibilities for pathogen identification, 
especially in cases of unknown disease aetiology (Figure 1C). It is an often used 
method for ‘open view’-approaches in virus detection, enables rapid and deep 
sequencing and has the potential to detect not only viruses, but also bacteria, fungi 
and parasites in parallel (Barzon et al. 2013; Lipkin and Anthony 2015).  
 
2.3.6. Determination of a complete viral genome 
In addition to the metagenomic approach of HTS, this methodology is frequently used 
for complete genome determination (´whole-genome sequencing´= WGS). In this 
context HTS can be combined with a microarray (Abendroth et al. 2017) or hybrid-
capture enrichment (Gaudin and Desnues 2018) (Figure 1C). 
Alternatively, LD-PCR allows amplification of up to 30 kilobase pairs (kbp) and 
beyond (Figure 1B). For performing complete genome amplification of the novel 
polyomaviruses (PyVs), LD-PCR in nested format using specific primers that were 
derived from the sequences amplified with the initial generic PCR has been 
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established (Leendertz et al. 2011). The produced amplification products had a size 
of approximately 5 kbp. 
Following the LD-PCR a primer-walking strategy can be applied for sequencing 
complete genomes of the novel PyVs (Figure 1B).  
 
2.4. Orthobornaviruses and their reservoirs 
The genus Orthobornavirus belongs to the order Mononegavirales in the family 
Bornaviridae. One differentiates between the species Mammalian orthobornavirus 1, 
including the classical borna disease virus 1 and 2 (BoDV-1 and 2), the species 
Mammalian orthobornavirus 2, represented by the variegated squirrel bornavirus 1 
(VSBV-1), a snake bornavirus (Elapid 1 orthobornavirus) and different avian 
bornaviruses (e.g. Passeriform 1 and 2 orthobornavirus, Psittaciform 1 and 2 
bornavirus and Waterbird 1 bornavirus) (Afonso et al. 2016; Briese et al. 1994). 
The single-stranded ribonucleic acid genome has a length of about 8.9 kilobases (kb) 
and is of negative polarity (-ssRNA). The non-segmented genome compromises six 
partially overlapping open reading frames (ORFs) which encode the following 
proteins: N = nucleoprotein, X = X protein, P = phosphoprotein, M = matrix protein, G 
= glycoprotein and L = polymerase protein (Briese et al. 1994). The virions are 
spherically structured and have a diameter between 85-125 nm (Danner, Heubeck, 







Figure 2: Virion structure and genome organization of orthobornaviruses. (A): 
Schematic view of a bornavirus virion (available from Viral Zone, Swiss Institute of 
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Bioinformatics), (B): Schematic genome organization of an orthobornavirus; the 
target region of the respective BoDV-1 specific, VSBV-1 specific or panBornavirus- 
RT-qPCRs is located within the X (X protein) and P (phosphoprotein) gene and 
marked in red; the figure was prepared using Geneious version 2019.2 (Biomatters, 
available from https://www.geneious.com); the exemplary used bornavirus genome 
(VSBV-1, complete genome) is available from GenBank under accession number 
LN713680. 
 
Infection with BoDV-1 causes an immune-mediated non-suppurative encephalitis and 
chronic progressive meningoencephalitis with neurological clinical signs such as 
behavioural changes, apathy and movement disorders, e.g. ataxia (Caplazi et al. 
1999; Dürrwald et al. 2016; Richt and Rott 2001; Schmidt 1952). Such neurologic 
disease, caused by BoDV-1, is mainly known in domestic mammals, such as horses, 
sheep, goats and cattle but since recently also in humans (Caplazi and Ehrensperger 
1998; Caplazi et al. 1999; Dürrwald et al. 2016; Korn et al. 2018; Niller et al. 2020; 
Richt and Rott 2001; Schlottau et al. 2018; Schmidt 1952). In addition, rare infections 
of New World camelids are reported (Jacobsen et al. 2010). All these species are 
(accidental) dead-end hosts and do therefore not contribute to spreading of the virus. 
The bicolored white-toothed shrew, Crocidura leucodon, is the only known reservoir 
host of BoDV-1 (Bourg et al. 2013; Hilbe et al. 2006; Nobach et al. 2015) (Figure 3) 
and the majority of reported BoDV-1 cases is located in regions that overlap with the 
natural distribution range of this species (Figure 4A). Furthermore, there is evidence 
for a remarkable relation between the geographical origin of samples and similarities 
of BoDV-1 sequences leading to characteristic cluster designations as illustrated by 
the repeatedly used significant colour code in the map (Figure 4A) and the 
corresponding phylogenetic tree (Figure 4B). This clustering happens regardless of 
the species, but in congruence with the geographical origin of the samples. The virus 
is endemic in shrew populations in parts of Southern and Central Germany, Austria, 
Liechtenstein and Switzerland (Bourg et al. 2013; Dürrwald et al. 2014; Hilbe et al. 
2006; Weissenböck et al. 2017). Assays for detection of orthobornaviruses comprise 
a broadrange orthobornavirus RT-qPCR detecting different known orthobornaviruses 
(Schlottau et al. 2018), a VSBV-1-specific and a BoDV-1-specific RT-qPCR, targeting 
the X and P genes (Hoffmann, Tappe, et al. 2015; Schlottau et al. 2018) (Figure 2B). 
 





Figure 3: Photo of the bicolored white-toothed shrew, Crocidura leucodon. 
Species confirmed with Cytochrom b gene analysis, sample ID: KS19/446; photo 












A        B 
Figure 4: Geographic distribution of confirmed BoDV-1 infections compared to 
the distribution range of Crocidura leucodon and corresponding phylogenetic 
tree.  
(A): Confirmed BoDV-1 infections (represented with circles), are shown in 
combination with the distribution range of the bicolored white-toothed shrew, 
Crocidura leucodon (represented in green shading, data available from IUCN Red 
List); the map was designed using ArcGIS Desktop 10.5.1 (ESRI, Redlands, CA, 
USA); (B): phylogenetic analysis of partial BoDV-1 sequences from endemic regions; 
the tree building was performed using Neighbor-Joining algorithm and Jukes-Cantor 
distance model in Geneious version 2019.2 (Biomatters, available from 
https://www.geneious.com); the tree was rooted using sequence BoDV-2 No/98 
(AJ311524); the sequences are denoted by GenBank accession number, Latin 
taxonomic names or common names of their hosts, country and federal state of origin 
of the sample and year of infection; GER = Germany, SUI = Switzerland, LIE = 
Liechtenstein, AUT = Austria; BoDV-1 data were available from Briese et al. 1994, 
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Vahlenkamp et al. 2002,  Kolodziejek et al. 2005, Kolodziejek et al. 2006, Dürrwald et 
al. 2006, Hilbe et al. 2006, Dürrwald et al. 2007, Puorger et al. 2010, Dürrwald et al. 
2014, Rubbenstroth et al. 2016, Weissenböck et al. 2017, Korn et al. 2018, Schlottau 
et al. 2018, Niller et al. 2020, and archived GenBank sequences; colours indicate 
regional BoDV-1 sequence clusters; colour code: blue = Cluster 1A, violet = Cluster 
1B, orange = Cluster 2, green = Cluster 3, red = Cluster 4. 
 
In this context, it is important to mention that five years ago, a novel zoonotic 
bornavirus, the variegated squirrel bornavirus 1 (VSBV-1), was discovered. It is 
associated with cases of fatal encephalitis in three German squirrel breeders 
(Hoffmann, Tappe, et al. 2015) and an animal care taker in a German zoo (Tappe et 
al. 2018). Virus sequences with high similarities were found in brain samples from the 
four patients and in organ tissue of their exotic squirrels. Five squirrel species, all 
belonging to the family Sciuridae, were so far identified to harbour VSBV-1 RNA: 
Prevost’s squirrel (Callosciurus prevostii), Finlayson’s squirrel (Callosciurus 
finlaysonii), Variegated squirrel (Sciurus variegatoides), red-tailed squirrel (Sciurus 
granatensis), and Swinhoei’s striped squirrel (Tamiops swinhoei). Highest viral 
genome loads were found in the central nervous system. There are no clinical signs 
of infection or relevant pathological alterations in the infected squirrels and 
transmission occurs most probably direct through scratches and bites or indirect by 
excretions like faeces or urine (Schlottau, Hoffmann, et al. 2017; Schlottau, Jenckel, 
et al. 2017). 
The identification of recent fatalities in humans due to BoDV-1 and the re-evaluation 
of old human cases of lethal encephalitides with unexplained aetiology, clearly 
indicate that BoDV-1 is zoonotic (Korn et al. 2018; Niller et al. 2020; Schlottau et al. 
2018). Therefore, both viruses, VSBV-1 as well as BoDV-1, are considered as 
zoonotic. There is report about antiviral efficacy of ribavirin through reducing the virus 
proliferation, e.g. in infected gerbils (Lee et al. 2008), but in the end there is still no 
effective prophylaxis or therapy for orthobornaviruses available (Richt and Rott 
2001). 
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2.5. (Non-zoonotic) polyoma- and herpesviruses 
2.5.1. Polyomaviruses 
Taxonomically, polyomaviruses (PyVs) belong to the family Polyomaviridae. This 
family comprises around 100 members, including 14 human PyVs. PyVs have been 
identified in many hosts, including humans, nonhuman primates, rodents, cattle, bats, 
birds, and fish (Gjoerup and Chang 2010; Moens, Krumbholz, et al. 2017). 
PyVs are non-enveloped viruses with a circular double-stranded deoxyribonucleic 
acid (dsDNA) genome. The viral genome has a size of around 5 to 5.5 kbp and is 
surrounded by an icosahedral capsid (Figure 5A). The genome organization of 
mammalian PyVs is very similar and the genome is divided into three functional 
regions: the early region, the late region and the non-coding control region (NCCR). 
The early transcriptional region encodes regulatory proteins, known as tumor 
antigens, including large T-antigen (LTAg) and small T-antigen (STAg), and is 
predominantly expressed early during the infection cycle. The counter-clockwise 
oriented late transcriptional region comprises the genetic information for the capsid 
proteins viral protein (VP) 1, VP2, and VP3 and is mainly transcribed after the viral 
DNA replication begins. Early and late regions are separated by the NCCR, which 
consists of the origin of replication and the transcription control region (TCR) and 
regulates DNA replication and transcription from the early and late promoters 









A        B 
Figure 5: Virion structure and genome organization of polyomaviruses. (A): 
Schematic view of a polyomavirus virion (available from Viral Zone, Swiss Institute of 
Bioinformatics), (B): Schematic genome organization of polyomaviruses; the target 
region of the conventional generic PCR is located within the VP1 gene and marked in 
red; the figure was prepared using Geneious version 2019.2 (Biomatters, available 
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from https://www.geneious.com); the exemplary used polyomavirus genome 
(Polyomavirus spp. strain, Rattus norvegicus, complete genome) is available from 
GenBank under accession number MK372231. 
 
LTAg is a multifunctional protein that participates in viral DNA replication and 
transcription. Distinct regions of the protein display different activities required for 
DNA replication, including adenosine-triphosphatase (ATPase), DNA helicase, 
specific DNA binding and recruitment of cellular DNA replication proteins (Gjoerup 
and Chang 2010; Imperiale 2001; Moens, Van Ghelue, and Johannessen 2007). It 
can cause an abnormal stimulation of the cell cycle and is therefore involved in 
oncogenic transformation (Arrington 2001; Gjoerup and Chang 2010; Moens, Van 
Ghelue, and Johannessen 2007). 
STAg is a cysteine-rich protein, that is generated by alternative splicing of the early 
transcript. This protein shares the first approximately 80 amino-terminal residues with 
LTAg and seems to provide a helper function for LTAg by supporting viral replication 
and activation of the viral promoter (Moens 2001; Rundell and Parakati 2001). 
In addition to LTAg and STAg, which are universal and expressed by all known PyVs, 
in genomes of a few PyVs, e.g. the murine PyV (species: Mus musculus 
polyomavirus 1), there is also a middle T-antigen (MTAg) encoded. MTAg is essential 
for viral proliferation and also involved in tumor formation (Freund et al. 1992). 
 
Mammalian PyVs are assigned to four distinct genera within the family 
Polyomaviridae:  
Alpha-, Beta-, Gamma- and Deltapolyomavirus (Calvignac-Spencer et al. 2016; 
Moens, Calvignac-Spencer, et al. 2017): 
 
Alphapolyomavirus. The genus Alphapolyomavirus includes more than 40 species 
with five members that infect humans. Members of other PyV species infect apes, 
monkeys, bats, rodents and other mammals. Alphapolyomaviruses have transforming 
activity in vitro and reveal tumorigenic capacity in laboratory animals. Merkel cell 
polyomavirus (MCPyV) is the only currently known human PyV that is associated with 
a tumor in humans (Feng et al. 2008; Spurgeon and Lambert 2013). The type 
species of this genus is Mus musculus polyomavirus 1 (Calvignac-Spencer et al. 
2016). 




Betapolyomavirus. More than 30 already discovered species, infecting mammals, 
belong to the genus Betapolyomavirus. They include in total four human PyVs, 
among these are the intensively studied human BK polyomavirus (BKPyV; species 
Human polyomavirus 1) and JC polyomavirus (JCPyV; species Human polyomavirus 
2)  which are associated with nephropathy and progressive multifocal 
leukoencephalopathy, respectively (Calvignac-Spencer et al. 2016; Gardner et al. 
1971; Padgett et al. 1971). The type species of this genus is Macaca mulatta 
polyomavirus 1 (SV40, simian virus 40) (Arrington 2001; Calvignac-Spencer et al. 
2016; Sweet and Hilleman 1960). 
 
Gammapolyomavirus. This genus comprises nine species, which all infect birds. 
Some of them cause severe illness and even death, but oncogenicity has not been 
observed. The type species of this genus is Aves polyomavirus 1 (previous: 
Budgerigar fledgling polyomavirus) (Calvignac-Spencer et al. 2016).  
 
Deltapolyomavirus. This genus consists of four human polyomaviruses: the species 
Human polyomavirus 6 and 7, that exhibit skin tropism, and Human polyomavirus 10 
and 11 (MW polyomavirus and STL polyomavirus), that are commonly detected in the 
gastrointestinal tract (Calvignac-Spencer et al. 2016; Lim et al. 2013; Schowalter et 
al. 2010; Siebrasse et al. 2012). 
 
2.5.2. Herpesviruses 
Herpesviruses (HVs; family Herpesviridae) are a family of large enveloped dsDNA 
viruses that infect many vertebrates including birds, reptiles, humans, and nonhuman 
primates (Davison et al. 2009). Besides the family Herpesviridae the order 
Herpesvirales also comprises the families Alloherpesviridae, which include four 
genera infecting fish, e.g. salmonids, and frogs, and Malacoherpesviridae with two 
genera infecting molluscs (King et al. 2018). 
Herpesvirus particles consist of a core that contains the linear dsDNA genome 
ranging from 110 - 290 kbp in length. The core constitutes together with its capsid the 
icosahedral nucleocapsid. Between the nucleocapsid and the outer lipid envelope 
there is a tegument layer embedding proteins, mostly glycoproteins, that are required 
for viral entry, replication and egress (Davison et al. 2009; Guo et al. 2010; 
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Mettenleiter, Klupp, and Granzow 2009) (Figure 6A). The glycoprotein spikes on the 
viral surface play an important role for attachment and entry via cell surface receptors 
(Grünewald et al. 2003; Heldwein and Krummenacher 2008). Genomes of members 
of the Herpesviridae comprise between 70 and 200 protein-coding genes (Pellett and 








Figure 6: Virion structure and genome organization of herpesviruses. (A): 
Schematic view of a herpesvirus virion (available from Viral Zone, Swiss Institute of 
Bioinformatics), (B): Schematic genome organization of the Herpesviridae; the target 
region of the generic herpesvirus PCR is located within the DNA polymerase (DPOL) 
gene (marked in green) and the target region of the generic panBeta- and 
panGamma-PCRs are located within the glycoprotein B (gB) gene (marked in red); 
the figure was prepared using Geneious version 2019.2 (Biomatters, available from 
https://www.geneious.com); the exemplary used betaherpesvirus genome (Murine 
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cytomegalovirus, strain K181, complete genome) is available from GenBank under 
accession number AM886412. 
 
In addition to virion morphology, all HVs share the strategic capacity to establish a 
state of latency within the infected host. During latency viral gene expression is 
restricted and during maintenance of the latent state no production of infectious virus 
takes place. After reactivation, infectious virus is again produced and spreads to 
infect other susceptible individuals. Herpesviruses can cause a variety of medical 
conditions in humans and animals, including cancerous processes. The family 
Herpesviridae contains three distinct subfamilies: Alphaherpesvirinae, 
Betaherpesvirinae and Gammaherpesvirinae. These subfamilies differ in genetic 
structure, sequence and cell type tropism of their members (Davison et al. 2009; 
Pellett and Roizman 2013). 
 
Alphaherpesvirinae. Members of this subfamily have a relatively short replication 
cycle, a variable host range, and usually cause rapid damage of cultured cells. They 
establish a latency state primarily in neurons of sensory ganglia (Davison et al. 2009; 
Pellett and Roizman 2013). This subfamily comprises four genera: i) Simplexvirus, 
with e.g. human herpes simplex virus 1 (HSV-1; species: Human alphaherpesvirus 1) 
and bovine herpesvirus 2 (BoHV-2; bovine mammillitis virus; species: bovine 
alphaherpesvirus 2); ii) Varicellovirus with the human varicella-zoster virus (HHV-3; 
species: Human alphaherpesvirus 3), bovine herpesviruses 1 and 5 (BoHV-1, 
infectious bovine rhinotracheitis virus; BoHV-5, bovine encephalitis herpesvirus; 
species: Bovine alphaherpesvirus 1 and 5), and equine herpesviruses 1 and 4 (EHV-
1, EHV-4; species: Equid herpesvirus 1 and 4); iii) genus Iltovirus with the infectious 
laryngotracheitis virus (species: Gallid Herpesvirus 1) as typical representative; and 
iv) Mardivirus with Marek’s disease virus (species: Gallid Herpesvirus 2) as type 
member (King et al. 2018). 
 
Betaherpesvirinae. Betaherpesviruses (BHVs) generally include larger genomes 
(>200 kbp) than either the alpha- or the gammaherpesviruses, and are characterised 
by extended replication cycles and strict host specificity (Davison et al. 2009; Pellett 
and Roizman 2013). This subfamily contains the genera Cytomegalovirus (type 
member human cytomegalovirus; species: Human betaherpesvirus 5), 
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Muromegalovirus (type member murine cytomegalovirus; species: Murid 
betaherpesvirus 1), Roseolovirus (type member human herpesvirus 6; species: 
Human betaherpesvirus 6) and Proboscivirus (type member Elephantid Herpesvirus 
1; species: Elephantid betaherpesvirus 1) (King et al. 2018). 
 
Gammaherpesvirinae. Gammaherpesviruses (GHVs) comprise viruses with 
transforming potential and preferential association to lymphocytes (Davison et al. 
2009; Pellett and Roizman 2013). They are grouped into the genera 
Lymphocryptovirus (type member Epstein-Barr Virus; species Human 
gammaherpesvirus 4), Rhadinovirus (type member Kaposi’s sarcoma herpesvirus; 
species Human gammaherpesvirus 8), Macavirus (type member malignant catarrhal 
fever virus; species Alcelaphine Herpesvirus 1) and Percavirus (type member Equine 
herpesvirus 2; species: Equid gammaherpesvirus 2) (King et al. 2018). 
 
2.6. Virus-host evolution 
In general RNA viruses display a remarkably higher mutation rate than DNA viruses 
(Holmes 2009). One explanation for that is the ‘proofreading capability’ of DNA 
polymerases, which enables them to correct errors made during replication, resulting 
in overall reduced mutation rates compared to RNA polymerases (Garcia-Diaz and 
Bebenek 2007). While cross-species transmission is the principle mechanism of viral 
emergence mainly of RNA viruses, DNA viruses carry out longterm virus-host co-
divergence in many cases (Holmes 2009; Woolhouse et al. 2002). These co-
evolutionary processes allow optimal adaptations between host and virus and create 
optimal replication conditions for the virus. Indications for co-evolution of viruses and 
their hosts are e.g. shown for PyVs (Ehlers et al. 2019) and the co-evolution model, 
typical for DNA viruses, also holds true for the majority of HVs (Davison 2002). 
In line with these principles, orthobornaviruses, belonging to the RNA viruses, are 
also present in several hosts, which might be traced back to events of transspecies-
transmission for evolutionary reasons in the past. They show extremely high 
sequence conservation and therefore cluster in line with their geographic origin but 





















3 Study objectives 
29 
 
3  Study objectives 
Although a lot of virus screening and reservoir host investigations were performed in 
a variety of small mammal species, including different rodents and shrews, the 
current knowledge on viruses in squirrels and the role of squirrels as virus reservoirs 
is scarce. In addition, the virus occurrence of BoDV-1 in the bicolored white-toothed 
shrew, Crocidura leucodon, as reservoir host and in alpacas as (accidental) dead-
end hosts needs to be characterised in more detail. Therefore, the objectives of this 
study are the following: 
 
3.1.   Searching for squirrels as reservoir of the VSBV-1 and for novel polyoma- 
and herpesviruses in squirrels 
Screening squirrel samples for the presence of orthobornaviruses was supposed 
to shed light on the role of squirrels as potential virus reservoir hosts. In addition, 
the search for novel polyoma- and herpesviruses with conventional PCRs 
should expand the knowledge on virus diversity in these neglected species. 
 
3.2.   Characterization of the interactions between reservoir host and 
(accidental) dead-end hosts during an exemplary BoDV-1 outbreak 
The discovery of a bornavirus disease outbreak in an alpaca herd in Northwest 
Brandenburg, Germany led to further analyses of pest rodents from this alpaca 
farm. Based on this example possible interactions between the virus reservoir 
host bicolored white-toothed shrew, Crocidura leucodon, and the accidental, but 
obviously highly susceptible, dead-end host alpaca should be characterised in 





















4  Results 
The reference section of each manuscript/the results are presented in the style of the 
respective journal and are not included at the end of this document. The numeration 
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5  Discussion 
5.1.   Squirrels as hosts of the Mammalian orthobornavirus 2 
Previous studies identified the following five squirrel species harbouring VSBV-1: the 
variegated squirrel (Sciurus variegatoides), the red-tailed squirrel (Sciurus 
granatensis), the Prevost’s squirrel (Callosciurus prevostii), the Finlayson’s squirrel 
(Callosciurus finlaysonii) and the Swinhoei’s striped squirrel (Tamiops swinhoei) 
(Schlottau, Hoffmann, et al. 2017; Schlottau, Jenckel, et al. 2017). 
Through adding the previous not-tested squirrel species Northern flying squirrel 
(Glaucomys sabrinus), Richardson’s ground squirrel (Urocitellus richardsonii), 
Franklin’s ground squirrel (Poliocitellus franklinii) and Thirteen-lined ground squirrel 
(Ictidomys tridecemlineatus) (Publication 1, Table 1; unpublished data) the spectrum 
of investigated squirrels was extended to in total 19 squirrel species from seven 
different countries (Germany, the Netherlands, Croatia, United Kingdom, Italy, 
Canada, and the USA). But despite extension of the range of squirrel species tested 
in the recent study compared to the previous studies (Schlottau, Hoffmann, et al. 
2017; Schlottau, Jenckel, et al. 2017) it was not possible to identify any more positive 
individuals. These results raise again the question whether there is at all a local host, 
respectively reservoir host that spreads the virus within Germany, respectively 
Europe, or whether the virus was imported with one of those exotic animals in the 
course of pet trade. Recent findings suggest that there might have been one certain 
squirrel breeder, to which all infected squirrels can be traced back (Tappe, Frank, 
Homeier-Bachmann, et al. 2019). 
To determine this issue more precisely investigations of rodents and other small 
mammals from the originating countries of these species (especially Sciurus 
variegatoides from Central America and Callosciurus prevostii from South East Asia) 
need to be part of the future work. In addition, animal trials with different squirrel 
species could help to analyse the susceptibility of different squirrel species. It could 
also be possible that the source of the initial introduction of the infection into the 
exotic squirrel breedings in Germany was not directly the exotic pet squirrels but that 
there was an alternative reservoir involved that was not included in all previous 
investigations and that infected the squirrels. But despite this hypothesis, there is 
evidence that squirrels are the viral reservoirs for VSBV-1 as they act as typical 
reservoir hosts without clinical signs (Schlottau, Hoffmann, et al. 2017; Schlottau, 




5.2.   Novel polyomaviruses in squirrels 
During this study the spectrum of known host-specific polyomaviruses could be 
extended by four novel PyVs: Sciurus carolinensis polyomavirus 1 (ScarPyV1), 
Sciurus variegatoides polyomavirus 1 (SvarPyV1), Callosciurus prevostii 
polyomavirus 1 (CprePyV1) and Callosciurus erythraeus polyomavirus 1 (CeryPyV1). 
For three of them complete genomes were generated (Publication 1, Figure 1 and 
Table 4). Looking more into detail, on the complete genome level there are numerous 
nucleotide exchanges within the three ScarPyV1 genomes (#9804 = 5,236 bp, #9982 
and #10018 = 5,237 bp), which lead to an identity of only 98.8 %. The majority of 
these sequence differences were observed in LTAg and VP1 coding sequences 
(CDS) and the NCCR as previously shown for variants of Sorex araneus PyV 1 
(Gedvilaite et al. 2017).  
As a very interesting finding, due to a more detailed analysis of the VP 1 gene, it was 
possible to identify two variants of the ScarPyV1. For differentiation between the two 
variants a defined part of the genome (comprising position 577 to 972 of the in total 
1068 base pair (bp)-long VP1 gene) was choosen. In this part of the genome there 
are six nucleotide exchanges at the positions 591, 738, 781, 852, 867 and 930 
(Figure 7). All but one of these nucleotide exchanges are silent mutations and 
therefore do not cause changes on amino acid level. However, the adenine/guanine-
nucleotide exchange at position 781 results in substitution of the amino acid 
isoleucine (variant a) by valine (variant b) and strengthens the idea of two separate 
variants of this virus. 
It is also remarkable that the occurrence of the two different variants can be clearly 
traced back to the geographical origin of the samples in the UK: variant a exclusively 
occured in Brampton and Dumfries and variant b was only found in individuals from 
Penicuik and the Borders Region of Scotland. But there is no obvious geographical 
barrier, e.g. a river, that might explain the geographically separate detection of these 
variants. The VP1 variants were not only detected in the three available complete 
genomes but were also observed in larger sample sets with screening PCR using 
virus-specific nested primers that target the VP1 CDS (Figure 7). In contrast to all 
other samples belonging to variant b, in sample #10104 there is exclusively an 
additional thymine/cytosine-nucleotide exchange at position 930. Similar findings of 
two single nucleotide substitutions related to the geographical origin of the samples 
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Figure 7: Comparison of the Sciurus carolinensis polyomavirus 1 (ScarPyV1) 
variants a and b in the VP1 gene. Identical nucleotides are marked with dots and 
differences in the two variants are indicated with the corresponding nucleotide at 
these positions; the position numbers on top of the figure refer to the complete viral 
protein (VP) 1 gene (length 1068 bp); sequence names are denoted by sample 
number, virus variant and geographical origin of the sample; figure was prepared in 






As another noteworth finding the experimentally confirmed and in silico predicted 
splicing patterns of the novel PyVs correspond with the localization of the virus 
sequences within the phylogenetic trees. The only known viruses with experimentally 
confirmed splicing events within the VP2 gene, Glis glis polyomavirus 1 (GgliPyV1) 
(Ehlers et al. 2019) and ScarPyV1 (Publication 1, Figure 2), are clustering next to 
each other in the phylogenetic tree (Publication 1, Figure 3). In line with this finding 
also Delphinus delphis PyV1, a virus for which the conserved splicing motifs in the 
VP2 region can also be theoretically identified through analyses with the Human 
Splicing Finder 3.1., is located next to these sequences. The same scenario can be 
found in another cluster of the tree, where CeryPyV1 clusters besides Philantomba 
monticola PyV1 and Tupaia glis PyV 1 (Publication 1, Figure 3). For the latter 
splicing events were again already experimentally confirmed (Ehlers et al. 2019) and 
for CeryPyV1 analyses with the Human Splicing Finder 3.1. within the actual studies 
allow the theoretical prediction of identical splicing motifs. 
Within the last decade the number of known polyomaviruses increased rapidly. The 
majority of novel PyVs was exclusively found in a certain single species and can 
therefore be classified as strictly host-specific. In congruence with this the novel PyVs 
were also exclusively found in single squirrel species (Publication 1). A great variety 
of mammalian PyVs is known, also in rodents and shrews, such as the common vole 
(Microtus arvalis) and the bank vole (Myodes glareolus) (Nainys et al. 2015), the 
nutria (Myocastor coypus) (da Silva et al. 2018) and the common shrew (Sorex 
araneus), pygmy shrew (Sorex minutus) and crowned shrew (Sorex coronatus) 
(Gedvilaite et al. 2017). In addition, a recently published study about the discovery 
and further characterization of 16 novel polyomaviruses included the following rodent 
viruses: Norway rat (Rattus norvegicus polyomavirus 1, RnorPyV1), yellow-necked 
mouse (Apodemus flavicollis polyomavirus 1, AflaPyV1), edible dormouse (Glis glis 
polyomavirus 1, GgliPyV1) and multimammate mouse (Mastomys natalensis 
polyomavirus 2, MnatPyV2) (Ehlers et al. 2019). 
Future work should focus on the transmission routes and pathogenicity of PyVs in 
animals. In contrast to some of the human PyVs it can be assumed that PyVs in 
animals are apathogenic and cause no obvious clinical signs. One example showing 
the opposite is Aves PyV 1 (previous: Budgerigar fledgling polyomavirus) that is 




budgerigar (Ma et al. 2019).  In consideration of the latter more detailed studies, e.g. 
animal trials, on the pathogenicity of PyVs in animals are required in the future. 
 
5.3.   Novel herpesviruses in squirrels 
Herpesviruses are known to infect a variety of different hosts, including Mammalia, 
Reptilia, Aves, and different fish species (Ehlers 2008). In the recent study the 
following four novel BHVs and six novel GHVs were identified: Sciurus carolinensis 
betaherpesvirus 1 (ScarBHV1), Sciurus carolinensis gammaherpesvirus 1/2 
(ScarGHV1/2), Sciurus vulgaris betaherpesvirus 1 (SvulBHV1), Callosciurus prevostii 
betaherpesvirus 1 (CpreBHV1), Callosciurus prevostii gammaherpesvirus 1 
(CpreGHV1), Callosciurus erythraeus betaherpesvirus 1 (CeryBHV1), Callosciurus 
erythraeus gammaherpesvirus 1 (CeryGHV1), Urocitellus richardsonii 
gammaherpesvirus 1 (UricGHV1) and Tamias striatus gammaherpesvirus 1 
(TstrGHV1). These findings contribute to the extension of the important knowledge of 
DNA viruses in rodents. 
The family Herpesviridae is one of the largest virus families and includes viruses that 
infect a broad spectrum of mammalian hosts. But there are nevertheless differences 
concerning which host species are represented in the different herpesvirus 
subfamilies. In humans, representatives of all three subfamilies, alpha-, beta-, and 
gammaherpesviruses are found, while other host species seem to lack herpesviruses 
of a certain subfamily. For example, in rodents only beta- and gammaherpesviruses 
have been found, but no alphaherpesviruses (Ehlers et al. 2007; Prepens et al. 
2007). This is also in line with findings of this actual study in the squirrels. Finding 
viruses of a certain subfamily only in samples of certain species but not in others may 
be due to evolutionary developments, i.e. some herpesvirus species may have 
existed in the past but died out later, or alternatively have never developed in certain 
host species. As one of the key factors the choice of appropriate samples can also 
influence the outcome of the virus detection. E.g. while in this study only spleen and 
lung samples were used for the screening for novel PyVs and HVs in squirrels, in a 
previous PyV screening of small mammals a broader sample panel, which 
additionally included lymph node, liver, kidney and chest cavity fluid, was used 
(Gedvilaite et al. 2017). Furthermore, the localization of virus latency should be taken 
into consideration for the choice of the best suited sample. Especially for human 




(human polyomavirus 1) is found in kidney tissue (Gardner et al. 1971) and JCPyV 
(human polyomavirus 2) in the brain (Padgett et al. 1971). The absence of 
alphaherpesviruses in rodents could therefore also be related to the choice of sample 
material. Taking into consideration that the human representatives of these 
subfamily, herpes simplex virus 1 and 2, potentially lead to encephalitis (Roizman, 
Knipe, and Whitley 2013), brain material could also be a suitable sample for virus 
detection in rodents. 
Similar to PyVs it would be interesting to find out more about possible clinical or 
pathologic alterations in squirrels caused by HV infections. This information could 
also contribute to a possible optimization of the choice of samples for future studies. 
No detection of the same virus in different species reinforces the notion of a strong 
host-specificity and rare host switches in HVs. 
 
5.4.   Co-infections in squirrels 
In this study squirrels infected with multiple ‘pathogens’ were identified (Publication 
1): on the one hand detection of a SvarPyV1 coinfection in a Sciurus variegatoides 
from a German holding that was tested positive for VSBV-1 in a previous study 
(Hoffmann, Tappe, et al. 2015; Schlottau, Hoffmann, et al. 2017; Schlottau, Jenckel, 
et al. 2017) and on the other hand CprePyV1 coinfections in four Callosciurus 
prevostii that were also tested VSBV-1-positive before (Hoffmann, Tappe, et al. 2015; 
Schlottau, Hoffmann, et al. 2017; Schlottau, Jenckel, et al. 2017). These data provide 
an indication that coinfections exist in squirrels and findings in other rodents confirm 
this assumption (Cvetko et al. 2006; Schmidt et al. 2014; Tadin et al. 2012). There 
are publications about similar findings in rats. Different studies performing broad 
range metagenomic HTS apporaches with stool samples from rats, showed the co-
existence of a large variety of viral pathogens, even if the number of reads belonging 
to a particular virus family, varied remarkably (Firth et al. 2014; Sachsenröder et al. 
2014). There are also references about modifications, such as influencing the 
susceptibility of the host, its immune response or the disease progression and 
severity of the disease, caused by different viral and/or bacterial agents (McAfee et 
al. 2015; Seki et al. 2004). But further investigations are needed to evaluate if this 
kind of potential is also available in the ‘pathogens’ investigated in the current study. 





5.5.   The reservoir of BoDV-1  
Investigation of small mammals from an alpaca farm in the North-Western part of the 
federal state of Brandenburg, Germany led to the detection of a BoDV-1-positive 
bicolored white-toothed shrew, Crocidura leucodon (Publication 2, Table S2). 
Despite also testing another 35 trapped small mammals from the alpaca farm and a 
still unpublished screening of another approximately 5,000 small mammals, including 
more than 30 species (unpublished data), no other small mammal species could be 
identified to harbour BoDV-1 or other orthobornaviruses that could have been 
detected with the broadrange panBorna-RTqPCR. Similar efforts including testing of 
257 bat brain samples for orthobornaviruses, did not reveal any other hosts (Nobach 
and Herden 2020), although bats are in general known to play an important role as 
reservoirs for many other pathogens. All these negative test results, plus a still 
unpublished study about another eight positive Crocidura leucodon from different 
BoDV-1 endemic regions, confirmed this species to be up to now the only known 
reservoir host of BoDV-1 (Bourg et al. 2013; Hilbe et al. 2006; Nobach et al. 2015). 
Interestingly, at the farm where the pest rodents originated from a severe BoDV-1 
outbreak affected also the alpacas. Therefore, this case was a great possibility to 
exemplary look more into the interactions between virus reservoir and (accidental) 
dead-end hosts. The study reveals alpacas to be obviously highly susceptible for 
BoDV-1 (Publication 2). It is remarkable that, while in the majority of cases where 
other dead-end hosts, e.g. horses, are affected, only single individuals from a holding 
are infected and the rest remains healthy, on the alpaca farm the scenario was 
remarkably different. A large number of animals from this herd died due to the virus 
infection and also new infections were observed during the study period on the farm. 
With identification of these borna disease cases the previously known endemic 
region of BoDV-1 should be extended in North-Eastern direction. New infections 
during the investigation period indicate that the reservoir host was still present on the 
farm. Due to the collected data alpaca-to-alpaca-transmission can be most likely 
excluded, but there is evidence that transmission/spill-over infections occurred, which 
make the bicolored white-toothed shrew, Crocidura leucodon, the infection source for 
the alpacas. Despite these postulations, detailed and reliable data on transmission 
routes are missing. Possible ways of transmission include direct contact in form of 
biting or scratching as well as indirect transmission via contaminated aerosols, 




sometimes it happens that mouse carcasses are by mistake included into hay bales 
during the manufacturing process).  
Furthermore, additional detailed phylogeographic analyses may improve our 
knowledge about the geographic distribution of the virus and allow a more clearly 
separation of the different phylogenetic BoDV-1 clusters within Germany and its 
neighbouring countries. Based on the experiences that were made in the recent 
study, the future work should more concentrate on a targeted collection of small 
mammals in BoDV-1 endemic regions and/or in the surrounding of human fatalities 
due to BoDV-1, the discovery of novel bornaviruses in other species and on gaining 
more detailed knowledge about the known reservoir host. These data should shed 
light on potential transmission routes between the shrews and their accidental hosts, 
which may also be beneficial for establishing a better risk assessment and 
implementing of preventive measures to avoid new infections. As BoDV-1 recently 
also raised awareness as a fatal zoonosis, appropriate prevention measures should 
comprise e.g. providing more information to humans, especially those living with 
potential dead-end hosts of this virus, living in BoDV-1 endemic regions and those 
living within the distribution area of Crocidura leucodon. In this context also more 
enlighting of the society is needed and it is important to raise awareness of human 
physicians, farmers and veterinarians to bornavirus being a possible etiological 
differential diagnosis in cases of encephalitis. Functional interdisciplinary cooperation 
between farm owners and research institutions is very important and can also 
contribute to efforts concerning the development of treatments and vaccines for this 
up to now not-curable disease. Some of these issues will be part of the future work of 


















6  Summary 
Rodents and other small mammals, such as shrews, are important reservoirs for 
numerous zoonotic pathogens. In addition, also various non-zoonotic agents such as 
polyomaviruses and herpesviruses have been described in these species. The 
development and broad availability of new methods, in particular High-Throughput 
Sequencing, has led to a growing number of newly discovered viruses in recent 
years. This knowledge about novel viruses is of great importance for the 
development of appropriate diagnostics and control or prevention measures. 
Nevertheless, it is assumed that only a very small part of the existing viruses is 
known so far and that the number of other currently unknown pathogens is 
enormous. 
The aim of the present work was to exemplary investigate the reservoir function of 
squirrels and shrews for selected viruses. 
These investigations led to the discovery and further characterization of novel 
polyomaviruses and beta- and gammaherpesviruses in different squirrel species of 
the family Sciuridae with conventional polymerase chain reactions (PCRs) and 
subsequent sequencing using a primer-walking strategy. Full genomes of three 
squirrel polyomaviruses could be generated this way. In the course of further 
characterization, splice products of the early and late gene region were identified for 
Sciurus carolinensis polyomavirus 1 (ScarPyV1). Furthermore, the application of 
polyomavirus-, betaherpesvirus- and gammaherpesvirus-specific PCRs led to a first 
prevalence estimation of the occurrence of these viruses in their potential reservoir 
hosts. The multiple detection of the pathogens and high prevalences within the 
selected species provided indications for the conspicuous host association of these 
viruses. 
In addition, the role of the bicolored white-toothed shrew, Crocidura leucodon, in 
transmission processes of zoonotic bornaviruses was further analysed based on an 
outbreak of the Borna disease on an alpaca farm in the federal state of Brandenburg, 
Germany. The present results identify Brandenburg as a previously undescribed 
endemic area for the borna disease virus 1 (BoDV-1) and confirm the bicolored 
white-toothed shrew, Crocidura leucodon, as the so far only known reservoir host for 
BoDV-1. 
In summary, the data collected in this thesis contribute to a deeper understanding of 





example viruses. In addition, the studies provide important insights into the role of 
squirrels as potential virus reservoirs, as well as the bicolored white-toothed shrew as 


















7  Zusammenfassung 
Nagetiere und andere Kleinsäuger, wie Spitzmäuse, stellen wichtige Reservoire für 
zahlreiche Zoonoseerreger dar. Darüber hinaus sind bei diesen Arten auch 
verschiedene nicht-zoonotische Erreger, wie Polyoma- und Herpesviren beschrieben 
worden. Die Entwicklung und breite Verfügbarkeit von neuen Methoden, 
insbesondere die Hochdurchsatz-Sequenzierung, führte in den vergangenen Jahren 
zu einer wachsenden Zahl neuentdeckter Viren. Diese Kenntnisse über neue Viren 
sind von großer Bedeutung für die Entwicklung von geeigneter Diagnostik und 
Kontroll- oder Präventionsmaßnahmen. Nichtsdestotrotz wird davon ausgegangen, 
dass bisher nur ein sehr kleiner Teil der existierenden Viren bekannt und die Zahl an 
weiteren derzeit noch unbekannten Erregern enorm ist. 
Das Ziel der vorliegenden Arbeit bestand in der exemplarischen Untersuchung der 
Reservoirfunktion von Hörnchen und Spitzmäusen für ausgewählte Viren. 
Diese Untersuchungen führten zur Entdeckung und weiteren Charakterisierung von 
neuen Polyoma-, und Betaherpesviren und Gammaherpesviren in verschiedenen 
Hörnchenspezies der Familie Sciuridae mithilfe von konventionellen Polymerase-
Kettenreaktionen (PCRs) und anschließender Sequenzierung mittels Primer-Walking-
Strategie. Für drei Hörnchen-Polyomaviren konnten auf diese Weise Vollgenome 
generiert werden. Im Rahmen der weiteren Charakterisierung wurden für Sciurus 
carolinensis Polyomavirus 1 (ScarPyV 1) Spleiß-Produkte der frühen und späten 
Genregion identifiziert. Des Weiteren führte die Verwendung von Polyomavirus-, 
Betaherpesvirus- und Gammaherpesvirus-spezifischen PCRs zu einer ersten 
Prävalenzabschätzung des Vorkommens dieser Viren in ihren potentiellen 
Reservoirwirten. Der multiple Nachweis der Erreger und die hohe Prävalenz 
innerhalb der ausgewählten Arten lieferten Hinweise zur spezifischen 
Wirtsassoziation dieser Viren. 
Darüber hinaus wurde anhand eines Ausbruchs der Borna’schen Krankheit in einer 
Alpakahaltung in Brandenburg, die Rolle der Feldspitzmaus, Crocidura leucodon, im 
Rahmen des Transmissionsgeschehens von zoonotischen Bornaviren weiter 
analysiert. Die vorliegenden Ergebnisse identifizieren Brandenburg als ein vorher 
nicht beschriebenes Endemiegebiet für das Borna Disease Virus 1 (BoDV-1) und 
bestätigen die Feldspitzmaus, Crocidura leucodon, als einzigen bisher bekannten 




Zusammenfassend tragen die in dieser Dissertation erhobenen Daten zu einem 
tieferen Verständnis der Virusvielfalt in Hörnchen und der stark ausgeprägten 
Wirtsspezifizität der Beispielviren bei. Darüberhinaus liefern die Studien wichtige 
Erkenntnisse zur Rolle von Hörnchen als potenzielle Virusreservoire, sowie zur 


















8  References 
 
Abendroth, B., D. Höper, R. G. Ulrich, G. Larres, and M. Beer. 2017. 'A red squirrel 
associated adenovirus identified by a combined microarray and deep 
sequencing approach', Arch Virol, 162: 3167-72. 
Afonso, C. L., G. K. Amarasinghe, K. Banyai, Y. Bao, C. F. Basler, S. Bavari, N. 
Bejerman, K. R. Blasdell, F. X. Briand, T. Briese, A. Bukreyev, C. H. Calisher, 
K. Chandran, J. Cheng, A. N. Clawson, P. L. Collins, R. G. Dietzgen, O. 
Dolnik, L. L. Domier, R. Dürrwald, J. M. Dye, A. J. Easton, H. Ebihara, S. L. 
Farkas, J. Freitas-Astua, P. Formenty, R. A. Fouchier, Y. Fu, E. Ghedin, M. M. 
Goodin, R. Hewson, M. Horie, T. H. Hyndman, D. Jiang, E. W. Kitajima, G. P. 
Kobinger, H. Kondo, G. Kurath, R. A. Lamb, S. Lenardon, E. M. Leroy, C. X. 
Li, X. D. Lin, L. Liu, B. Longdon, S. Marton, A. Maisner, E. Mühlberger, S. V. 
Netesov, N. Nowotny, J. L. Patterson, S. L. Payne, J. T. Paweska, R. E. 
Randall, B. K. Rima, P. Rota, D. Rubbenstroth, M. Schwemmle, M. Shi, S. J. 
Smither, M. D. Stenglein, D. M. Stone, A. Takada, C. Terregino, R. B. Tesh, J. 
H. Tian, K. Tomonaga, N. Tordo, J. S. Towner, N. Vasilakis, M. Verbeek, V. E. 
Volchkov, V. Wahl-Jensen, J. A. Walsh, P. J. Walker, D. Wang, L. F. Wang, T. 
Wetzel, A. E. Whitfield, J. T. Xie, K. Y. Yuen, Y. Z. Zhang, and J. H. Kuhn. 
2016. 'Taxonomy of the order Mononegavirales: update 2016', Arch Virol: doi: 
10.1007/s00705-016-2880-1. 
Altmann, D, H Kronberger, KF Schüppel, R Lippmann, and I Altmann. 1976. 
"Bornasche Krankheit (Meningo-Encephalomyelitis simplex enzootica 
equorum) bei Neuwelttylopoden und Equiden." In Verhandlungsbericht des 
XVIII Internationalesn  Symposiums über die Erkrankungen der Zootiere, 127-
31. Akadamie-Verlag Berlin. 
Anthony, S. J., J. H. Epstein, K. A. Murray, I. Navarrete-Macias, C. M. Zambrana-
Torrelio, A. Solovyov, R. Ojeda-Flores, N. C. Arrigo, A. Islam, S. Ali Khan, P. 
Hosseini, T. L. Bogich, K. J. Olival, M. D. Sanchez-Leon, W. B. Karesh, T. 
Goldstein, S. P. Luby, S. S. Morse, J. A. Mazet, P. Daszak, and W. I. Lipkin. 
2013. 'A strategy to estimate unknown viral diversity in mammals', MBio, 4: 
e00598-13. 
Arrington, A. S.; Butel, J. S. 2001. 'SV40 and human tumors.' in K.; Stoner Khalili, 
G.L. (ed.), Human Polyomavirus. Molecular and Clinical Perspectives (Wiley & 
Sons: New York). 
Atkin, Janus W., Alan D. Radford, Karen P. Coyne, Jenny Stavisky, and Julian 
Chantrey. 2010. 'Detection of squirrel poxvirus by nested and real-time PCR 
from red (Sciurus vulgaris) and grey (Sciurus carolinensis) squirrels', BMC 
Veterinary Research, 6: 33. 
Avsic-Zupanc, T., S. Y. Xiao, R. Stojanovic, A. Gligic, G. van der Groen, and J. W. 
LeDuc. 1992. 'Characterization of Dobrava virus: a Hantavirus from Slovenia, 
Yugoslavia', J Med Virol, 38: 132-7. 
Barzon, Luisa, Enrico Lavezzo, Giulia Costanzi, Elisa Franchin, Stefano Toppo, and 
Giorgio Palù. 2013. 'Next-generation sequencing technologies in diagnostic 
virology', Journal of Clinical Virology, 58: 346-50. 
Besch-Williford, C., P. Pesavento, S. Hamilton, B. Bauer, B. Kapusinszky, T. Phan, 
E. Delwart, R. Livingston, S. Cushing, R. Watanabe, S. Levin, D. Berger, and 
M. Myles. 2017. 'A Naturally Transmitted Epitheliotropic Polyomavirus 
Pathogenic in Immunodeficient Rats: Characterization, Transmission, and 




Bilzer, T., O. Planz, WI. Lipkin, and L. Stitz. 1995. 'Presence of CD4+ and CD8+ T 
cells and expression of MHC class I and MHC class II antigen in horses with 
Borna disease virus-induced encephalitis', Brain Pathol.: 223-30. 
Bilzer, T., and L. Stitz. 1994. 'Immune-mediated brain atrophy. CD8+ T cells 
contribute to tissue destruction during borna disease', J Immunol, 153: 818-23. 
Binder, F., M. Lenk, S. Weber, F. Stoek, V. Dill, S. Reiche, R. Riebe, K. Wernike, D. 
Hoffmann, U. Ziegler, H. Adler, S. Essbauer, and R. G. Ulrich. 2019. 'Common 
vole (Microtus arvalis) and bank vole (Myodes glareolus) derived permanent 
cell lines differ in their susceptibility and replication kinetics of animal and 
zoonotic viruses', J Virol Methods, 274: 113729. 
Blood, DC., and VP. Studdert. 1998. Saunders Comprehensive Veterinary Dictionary 
(Saunders Ltd.). 
Boos, G. S., D. Nobach, K. Failing, M. Eickmann, and C. Herden. 2019. 'Optimization 
of RNA extraction protocol for long-term archived formalin-fixed paraffin-
embedded tissues of horses', Exp Mol Pathol: 104289. 
Bourg, M., S. Herzog, J. A. Encarnacao, D. Nobach, H. Lange-Herbst, M. Eickmann, 
and C. Herden. 2013. 'Bicolored white-toothed shrews as reservoir for Borna 
disease virus, Bavaria, Germany', Emerg Infect Dis, 19: 2064-6. 
Briese, T., A. Schneemann, A. J. Lewis, Y. S. Park, S. Kim, H. Ludwig, and W. I. 
Lipkin. 1994. 'Genomic organization of Borna disease virus', Proc Natl Acad 
Sci U S A, 91: 4362-6. 
Brummer-Korvenkontio, M., A. Vaheri, T. Hovi, C. H. von Bonsdorff, J. Vuorimies, T. 
Manni, K. Penttinen, N. Oker-Blom, and J. Lahdevirta. 1980. 'Nephropathia 
epidemica: detection of antigen in bank voles and serologic diagnosis of 
human infection', J Infect Dis, 141: 131-4. 
Burgin, C. J., and K. He 2018. 'Family Soricidae (Shrews).' in D. E. Wilson and R. A.  
Mittermeier (eds.), Handbook of the Mammals of the World: Insectivores, 
Sloths and Colugos (Lynx Edicions: Cerdanyola del Vallès, Spain). 
Calvignac-Spencer, S., M. C. Feltkamp, M. D. Daugherty, U. Moens, T. Ramqvist, R. 
Johne, and B. Ehlers. 2016. 'A taxonomy update for the family 
Polyomaviridae', Arch Virol, 161: 1739-50. 
Caplazi, P., and F. Ehrensperger. 1998. 'Spontaneous Borna disease in sheep and 
horses: immunophenotyping of inflammatory cells and detection of MHC-I and 
MHC-II antigen expression in Borna encephalitis lesions', Vet Immunol 
Immunopathol, 61: 203-20. 
Caplazi, P., K. Melzer, R. Goetzmann, A. Rohner-Cotti, V. Bracher, K. Zlinszky, and 
F. Ehrensperger. 1999. 'Borna disease in Switzerland and in the principality of 
Liechtenstein', Schweiz Arch Tierheilkd, 141: 521-7. 
Carbone, K. M., C. S. Duchala, J. W. Griffin, A. L. Kincaid, and O. Narayan. 1987. 
'Pathogenesis of Borna disease in rats: evidence that intra-axonal spread is 
the major route for virus dissemination and the determinant for disease 
incubation', J Virol, 61: 3431-40. 
Coras, R., K. Korn, S. Kuerten, H. B. Huttner, and A. Ensser. 2019. 'Severe 
bornavirus-encephalitis presenting as Guillain-Barre-syndrome', Acta 
Neuropathol. 
Cvetko, L., N. Turk, A. Markotic, Z. Milas, J. Margaletic, M. Miletic-Medved, A. 
Plyusnin, G. Baranton, D. Postic, and T. Avsic-Zupanc. 2006. 'Short report: 
dual infections with Puumala virus and Leptospira interrogans serovar lora in a 
bank vole (Clethrionomys glareolus)', Am J Trop Med Hyg, 74: 612-4. 
da Silva, M. S., S. P. Cibulski, Cdbt Alves, M. N. Weber, R. F. Budaszewski, S. 




Canal. 2018. 'New polyomavirus species identified in nutria, Myocastor coypus 
polyomavirus 1', Arch Virol, 163: 3203-06. 
Danner, K., D. Heubeck, and A. Mayr. 1978. 'In vitro studies on Borna virus. I. The 
use of cell cultures for the demonstration, titration and production of Borna 
virus', Arch Virol, 57: 63-75. 
Davison, Andrew J. 2002. 'Evolution of the herpesviruses', Vet Microbiol, 86: 69-88. 
Davison, Andrew J., Richard Eberle, Bernhard Ehlers, Gary S. Hayward, Duncan J. 
McGeoch, Anthony C. Minson, Philip E. Pellett, Bernard Roizman, Michael J. 
Studdert, and Etienne Thiry. 2009. 'The order Herpesvirales', Archives of 
virology, 154: 171-77. 
Drewes, S., P. Strakova, J. F. Drexler, J. Jacob, and R. G. Ulrich. 2017. 'Assessing 
the Diversity of Rodent-Borne Viruses: Exploring of High-Throughput 
Sequencing and Classical Amplification/Sequencing Approaches', Adv Virus 
Res, 99: 61-108. 
Drexler, J. F., V. M. Corman, A. N. Lukashev, J. M. van den Brand, A. P. Gmyl, S. 
Brunink, A. Rasche, N. Seggewibeta, H. Feng, L. M. Leijten, P. Vallo, T. 
Kuiken, A. Dotzauer, R. G. Ulrich, S. M. Lemon, and C. Drosten. 2015. 
'Evolutionary origins of hepatitis A virus in small mammals', Proc Natl Acad Sci 
U S A, 112: 15190-5. 
Drexler, J. F., V. M. Corman, M. A. Muller, A. N. Lukashev, A. Gmyl, B. Coutard, A. 
Adam, D. Ritz, L. M. Leijten, D. van Riel, R. Kallies, S. M. Klose, F. Gloza-
Rausch, T. Binger, A. Annan, Y. Adu-Sarkodie, S. Oppong, M. Bourgarel, D. 
Rupp, B. Hoffmann, M. Schlegel, B. M. Kummerer, D. H. Kruger, J. Schmidt-
Chanasit, A. A. Setien, V. M. Cottontail, T. Hemachudha, S. 
Wacharapluesadee, K. Osterrieder, R. Bartenschlager, S. Matthee, M. Beer, 
T. Kuiken, C. Reusken, E. M. Leroy, R. G. Ulrich, and C. Drosten. 2013. 
'Evidence for novel hepaciviruses in rodents', PLoS Pathog, 9: e1003438. 
Dürrwald, R., J. Kolodziejek, S. Herzog, and N. Nowotny. 2007. 'Meta-analysis of 
putative human bornavirus sequences fails to provide evidence implicating 
Borna disease virus in mental illness', Rev Med Virol, 17: 181-203. 
Dürrwald, R., J. Kolodziejek, H. Weissenböck, and N. Nowotny. 2014. 'The bicolored 
white-toothed shrew Crocidura leucodon (HERMANN 1780) is an indigenous 
host of mammalian Borna disease virus', PLoS One, 9: e93659. 
Dürrwald, R., N. Nowotny, M. Beer, and J.H. Kuhn. 2016. 'Infection caused by 
bornaviruses.' in D.D Richmann, Whitley R.J. and F.G. Hayden (eds.), Clinical 
Virology (ASM Press: Washington DC). 
Eckerle, I., M. Lenk, and R. G. Ulrich. 2014. 'More novel hantaviruses and 
diversifying reservoir hosts--time for development of reservoir-derived cell 
culture models?', Viruses, 6: 951-67. 
Ehlers, B., Anoh A. E., Ben Salem N., Broll S., Couacy-Hymann E., Fischer D., 
Gedvilaite A., Ingenhütt N., Liebmann S., Martin M., Mossoun A., Mugisha L., 
Muyembe-Tamfum J. J., Pauly M., Pérez de Val B., Preugschas H., Richter 
D., Schubert G., Szentiks C. A., Teichmann T., Walter C., Ulrich R. G., 
Wiersma L., Leendertz F. H., and Calvignac-Spencer S. 2019. 'Novel 
polyomaviruses in mammals from multiple orders and reassessment of 
polyomavirus evolution and taxonomy', Viruses, 11: 930. 
Ehlers, B., J. Kuchler, N. Yasmum, G. Dural, S. Voigt, J. Schmidt-Chanasit, T. Jakel, 
F. R. Matuschka, D. Richter, S. Essbauer, D. J. Hughes, C. Summers, M. 
Bennett, J. P. Stewart, and R. G. Ulrich. 2007. 'Identification of novel rodent 





Enbergs, H. K., T. W. Vahlenkamp, A. Kipar, and H. Müller. 2001. 'Experimental 
infection of mice with Borna disease virus (BDV): replication and distribution of 
the virus after intracerebral infection', J Neurovirol, 7: 272-7. 
Essbauer, S. S., E. Krautkramer, S. Herzog, and M. Pfeffer. 2011. 'A new permanent 
cell line derived from the bank vole (Myodes glareolus) as cell culture model 
for zoonotic viruses', Virol J, 8: 339. 
Feng, H., M. Shuda, Y. Chang, and P. S. Moore. 2008. 'Clonal integration of a 
polyomavirus in human Merkel cell carcinoma', Science, 319: 1096-100. 
Firth, C., M. Bhat, M. A. Firth, S. H. Williams, M. J. Frye, P. Simmonds, J. M. Conte, 
J. Ng, J. Garcia, N. P. Bhuva, B. Lee, X. Che, P. L. Quan, and W. I. Lipkin. 
2014. 'Detection of zoonotic pathogens and characterization of novel viruses 
carried by commensal Rattus norvegicus in New York City', MBio, 5: e01933-
14. 
Forth, L. F., A. Konrath, K. Klose, K. Schlottau, K. Hoffmann, R. G. Ulrich, D. Hoper, 
A. Pohlmann, and M. Beer. 2018. 'A Novel Squirrel Respirovirus with Putative 
Zoonotic Potential', Viruses, 10. 
Forth, L. F., S. F. E. Scholes, P. A. Pesavento, K. Jackson, A. Mackintosh, A. 
Carson, F. Howie, K. Schlottau, K. Wernike, A. Pohlmann, D. Höper, and M. 
Beer. 2019. 'Novel Picornavirus in Lambs with Severe Encephalomyelitis', 
Emerg Infect Dis, 25: 963-67. 
Freund, R., A. Sotnikov, R. T. Bronson, and T. L. Benjamin. 1992. 'Polyoma virus 
middle T is essential for virus replication and persistence as well as for tumor 
induction in mice', Virology, 191: 716-23. 
Garcia-Diaz, M., and K. Bebenek. 2007. 'Multiple functions of DNA polymerases', 
CRC Crit Rev Plant Sci, 26: 105-22. 
Gardner, S. D., A. M. Field, D. V. Coleman, and B. Hulme. 1971. 'New human 
papovavirus (B.K.) isolated from urine after renal transplantation', Lancet, 1: 
1253-7. 
Gaudin, M., and C. Desnues. 2018. 'Hybrid Capture-Based Next Generation 
Sequencing and Its Application to Human Infectious Diseases', Front 
Microbiol, 9: 2924. 
Gauly, Matthias, Jane Vaughan, and Christopher Cebra. 2018. Neuweltkameliden: 
Haltung, Zucht, Erkrankungen (Georg Thieme Verlag). 
Gedvilaite, A., M. Tryland, R. G. Ulrich, J. Schneider, V. Kurmauskaite, U. Moens, H. 
Preugschas, S. Calvignac-Spencer, and B. Ehlers. 2017. 'Novel 
polyomaviruses in shrews (Soricidae) with close similarity to human 
polyomavirus 12', J Gen Virol, 98: 3060-67. 
Gertler, Christoph, Mathias Schlegel, Miriam Linnenbrink, Rainer Hutterer, Patricia 
König, Bernhard Ehlers, Kerstin Fischer, René Ryll, Jens Lewitzki, Sabine 
Sauer, Kathrin Baumann, Angele Breithaupt, Michael Faulde, Jens P. Teifke, 
Diethard Tautz, and Rainer G. Ulrich. 2017. 'Indigenous house mice dominate 
small mammal communities in northern Afghan military bases', BMC Zoology, 
2: 15. 
Gjoerup, O., and Y. Chang. 2010. 'Update on human polyomaviruses and cancer', 
Adv Cancer Res, 106: 1-51. 
Gritsun, T. S., V. A. Lashkevich, and E. A. Gould. 2003. 'Tick-borne encephalitis', 
Antiviral Res, 57: 129-46. 
Grünewald, K., P. Desai, D. C. Winkler, J. B. Heymann, D. M. Belnap, W. 
Baumeister, and A. C. Steven. 2003. 'Three-dimensional structure of herpes 




Guo, H., S. Shen, L. Wang, and H. Deng. 2010. 'Role of tegument proteins in 
herpesvirus assembly and egress', Protein Cell, 1: 987-98. 
Han, Barbara A., John Paul Schmidt, Sarah E. Bowden, and John M. Drake. 2015. 
'Rodent reservoirs of future zoonotic diseases', Proceedings of the National 
Academy of Sciences, 112: 7039. 
Haydon, D.T., S. Cleaveland, L.H. Taylor, and M.K Laurenson. 2002. 'Identifying 
Reservoirs of Infection: A Conceptual and Practical Challenge', Emerging 
Infectious Disease journal, 8: 1468. 
Heinig, A. 1964. 'Zur experimentellen Infektion von Pferden und Schafen mit dem 
Virus der Bornaschen Krankheit', Arch Exp Veterinärmedizin. 
Heldwein, E. E., and C. Krummenacher. 2008. 'Entry of herpesviruses into 
mammalian cells', Cell Mol Life Sci, 65: 1653-68. 
Herzog, S., C. Kompter, K. Frese, and R. Rott. 1984. 'Replication of Borna disease 
virus in rats: age-dependent differences in tissue distribution', Med Microbiol 
Immunol, 173: 171-7. 
Hilbe, M., R. Herrsche, J. Kolodziejek, N. Nowotny, K. Zlinszky, and F. Ehrensperger. 
2006. 'Shrews as reservoir hosts of borna disease virus', Emerg Infect Dis, 12: 
675-7. 
Hoffmann, B., K. Depner, H. Schirrmeier, and M. Beer. 2006. 'A universal 
heterologous internal control system for duplex real-time RT-PCR assays used 
in a detection system for pestiviruses', J Virol Methods, 136: 200-9. 
Hoffmann, B., D. Tappe, D. Höper, C. Herden, A. Boldt, C. Mawrin, O. 
Niederstrasser, T. Muller, M. Jenckel, E. van der Grinten, C. Lutter, B. 
Abendroth, J. P. Teifke, D. Cadar, J. Schmidt-Chanasit, R. G. Ulrich, and M. 
Beer. 2015. 'A Variegated Squirrel Bornavirus Associated with Fatal Human 
Encephalitis', N Engl J Med, 373: 154-62. 
Hoffmann, Donata, Annika Franke, Maria Jenckel, Aistė Tamošiūnaitė, Julia 
Schluckebier, Harald Granzow, Bernd Hoffmann, Stefan Fischer, Rainer G. 
Ulrich, Dirk Höper, Katja Goller, Nikolaus Osterrieder, and Martin Beer. 2015. 
'Out of the Reservoir: Phenotypic and Genotypic Characterization of a Novel 
Cowpox Virus Isolated from a Common Vole', Journal of virology, 89: 10959-
69. 
Holmes, E. C. 2009. The Evolution and Emergence of RNA Viruses (Oxford 
University Press Inc.: New York). 
Imperiale, M. J. 2001. 'The Human Polyomaviruses: An Overview.' in K; Stoner 
Khalili, G. L. (ed.), Human Polyomavirus. Molecular and Clinical Perspectives 
(Wiley & Sons: New York). 
Jacobsen, B., D. Algermissen, D. Schaudien, M. Venner, S. Herzog, E. Wentz, M. 
Hewicker-Trautwein, W. Baumgärtner, and C. Herden. 2010. 'Borna disease in 
an adult alpaca stallion (Lama pacos)', J Comp Pathol, 143: 203-8. 
Jeske, K., M. Hiltbrunner, S. Drewes, R. Ryll, M. Wenk, A. Spakova, R. Petraityte-
Burneikiene, G. Heckel, and R. G. Ulrich. 2019. 'Field vole-associated 
Traemmersee hantavirus from Germany represents a novel hantavirus 
species', Virus Genes, 55: 848-53. 
Joh, J., A. B. Jenson, W. King, M. Proctor, A. Ingle, J. P. Sundberg, and S. J. Ghim. 
2011. 'Genomic analysis of the first laboratory-mouse papillomavirus', J Gen 
Virol, 92: 692-8. 
Johne, R., G. Heckel, A. Plenge-Bonig, E. Kindler, C. Maresch, J. Reetz, A. Schielke, 
and R. G. Ulrich. 2010. 'Novel hepatitis E virus genotype in Norway rats, 




Johne, R., S. H. Tausch, J. Grutzke, A. Falkenhagen, C. Patzina-Mehling, M. Beer, 
D. Hoper, and R. G. Ulrich. 2019. 'Distantly Related Rotaviruses in Common 
Shrews, Germany, 2004-2014', Emerg Infect Dis, 25: 2310-14. 
Katz, J. B., D. Alstad, A. L. Jenny, K. M. Carbone, S. A. Rubin, and R. W. Waltrip, 
2nd. 1998. 'Clinical, serologic, and histopathologic characterization of 
experimental Borna disease in ponies', J Vet Diagn Invest, 10: 338-43. 
King, A. M. Q., E. J. Lefkowitz, A. R. Mushegian, M. J. Adams, B. E. Dutilh, A. E. 
Gorbalenya, B. Harrach, R. L. Harrison, S. Junglen, N. J. Knowles, A. M. 
Kropinski, M. Krupovic, J. H. Kuhn, M. L. Nibert, L. Rubino, S. Sabanadzovic, 
H. Sanfacon, S. G. Siddell, P. Simmonds, A. Varsani, F. M. Zerbini, and A. J. 
Davison. 2018. 'Changes to taxonomy and the International Code of Virus 
Classification and Nomenclature ratified by the International Committee on 
Taxonomy of Viruses (2018)', Arch Virol, 163: 2601-31. 
Klempa, B., H. A. Schmidt, R. Ulrich, S. Kaluz, M. Labuda, H. Meisel, B. Hjelle, and 
D. H. Kruger. 2003. 'Genetic interaction between distinct Dobrava hantavirus 
subtypes in Apodemus agrarius and A. flavicollis in nature', J Virol, 77: 804-9. 
Klempa, B., M. Schutt, B. Auste, M. Labuda, R. Ulrich, H. Meisel, and D. H. Kruger. 
2004. 'First molecular identification of human Dobrava virus infection in central 
Europe', J Clin Microbiol, 42: 1322-5. 
Klempa, B., E. A. Tkachenko, T. K. Dzagurova, Y. V. Yunicheva, V. G. Morozov, N. 
M. Okulova, G. P. Slyusareva, A. Smirnov, and D. H. Kruger. 2008. 
'Hemorrhagic fever with renal syndrome caused by 2 lineages of Dobrava 
hantavirus, Russia', Emerg Infect Dis, 14: 617-25. 
Kobera, R. 2016. 'Bornaerkrankung und Kuhpocken bei Alpakas', Paper presented at 
the International New World Camelid Meeting, Gießen, Germany. 
Kobera, R., and D. Pöhle. 2004. 'Case reports in South American camelids in 
Germany', Paper presented at the Proceedings of the 4th European 
Symposium on South American Camelids and DECAMA European Seminar, 
Göttingen, Germany. 
Kolodziejek, J., R. Dürrwald, S. Herzog, F. Ehrensperger, H. Lussy, and N. Nowotny. 
2005. 'Genetic clustering of Borna disease virus natural animal isolates, 
laboratory and vaccine strains strongly reflects their regional geographical 
origin', J Gen Virol, 86: 385-98. 
Korn, K., R. Coras, T. Bobinger, S. M. Herzog, H. Lucking, R. Stohr, H. B. Huttner, A. 
Hartmann, and A. Ensser. 2018. 'Fatal Encephalitis Associated with Borna 
Disease Virus 1', N Engl J Med, 379: 1375-77. 
Krapp, F. 1990. 'Crocidura leucodon (Herrmann, 1780) - Feldspitzmaus.' in J. 
Niethammer and F. Krapp (eds.), Handbuch der Säugetiere Europas 
[Handbook of European mammals] (Aula Verlag GmbH: Wiesbaden, 
Germany). 
Kupke, A., S. Becker, K. Wewetzer, B. Ahlemeyer, M. Eickmann, and C. Herden. 
2019. 'Intranasal Borna Disease Virus (BoDV-1) Infection: Insights into Initial 
Steps and Potential Contagiosity', Int J Mol Sci, 20. 
Lau, Susanna K. P., Hazel C. Yeung, Kenneth S. M. Li, Carol S. F. Lam, Jian-Piao 
Cai, Ming-Chi Yuen, Ming Wang, Bo-Jian Zheng, Patrick C. Y. Woo, and 
Kwok-Yung Yuen. 2017. 'Identification and genomic characterization of a 
novel rat bocavirus from brown rats in China', Infection, Genetics and 
Evolution, 47: 68-76. 
Lee, B. J., H. Matsunaga, K. Ikuta, and K. Tomonaga. 2008. 'Ribavirin inhibits Borna 
disease virus proliferation and fatal neurological diseases in neonatally 




Lee, H. W., P. W. Lee, and K. M. Johnson. 1978. 'Isolation of the etiologic agent of 
Korean Hemorrhagic fever', J Infect Dis, 137: 298-308. 
Lee, P. W., C. J. Gibbs, Jr., D. C. Gajdusek, C. M. Hsiang, and G. D. Hsiung. 1980. 
'Identification of epidemic haemorrhagic fever with renal syndrome in China 
with Korean haemorrhagic fever', Lancet, 1: 1025-6. 
Leendertz, F. H., N. Scuda, K. N. Cameron, T. Kidega, K. Zuberbuhler, S. A. 
Leendertz, E. Couacy-Hymann, C. Boesch, S. Calvignac, and B. Ehlers. 2011. 
'African great apes are naturally infected with polyomaviruses closely related 
to Merkel cell polyomavirus', J Virol, 85: 916-24. 
Liesche, F., V. Ruf, S. Zoubaa, G. Kaletka, M. Rosati, D. Rubbenstroth, C. Herden, L. 
Goehring, S. Wunderlich, M. F. Wachter, G. Rieder, I. Lichtmannegger, W. 
Permanetter, J. G. Heckmann, K. Angstwurm, B. Neumann, B. Markl, S. 
Haschka, H. H. Niller, B. Schmidt, J. Jantsch, C. Brochhausen, K. Schlottau, 
A. Ebinger, B. Hemmer, M. J. Riemenschneider, J. Herms, M. Beer, K. 
Matiasek, and J. Schlegel. 2019. 'The neuropathology of fatal 
encephalomyelitis in human Borna virus infection', Acta Neuropathol. 
Lim, E. S., A. Reyes, M. Antonio, D. Saha, U. N. Ikumapayi, M. Adeyemi, O. C. Stine, 
R. Skelton, D. C. Brennan, R. S. Mkakosya, M. J. Manary, J. I. Gordon, and D. 
Wang. 2013. 'Discovery of STL polyomavirus, a polyomavirus of ancestral 
recombinant origin that encodes a unique T antigen by alternative splicing', 
Virology, 436: 295-303. 
Lipkin, W. I., and S. J. Anthony. 2015. 'Virus hunting', Virology, 479-480: 194-9. 
Lipkin, W. I., T. Briese, and M. Hornig. 2011. 'Borna disease virus - fact and fantasy', 
Virus Res, 162: 162-72. 
Lopez, N., P. Padula, C. Rossi, M. E. Lazaro, and M. T. Franze-Fernandez. 1996. 
'Genetic identification of a new hantavirus causing severe pulmonary 
syndrome in Argentina', Virology, 220: 223-6. 
Ma, J., R. Wu, Y. Tian, M. Zhang, W. Wang, Y. Li, F. Tian, Y. Cheng, Y. Yan, and J. 
Sun. 2019. 'Isolation and characterization of an Aves polyomavirus 1 from 
diseased budgerigars in China', Vet Microbiol, 237: 108397. 
Matthias, D. 1958. 'Weitere Untersuchungen zur Bornaschen Krankheit der Pferde 
und Schafe', Arch. exp. Veterinärmedizin, 12: 920-47. 
Mayr, A., and K. Danner. 1974. 'Persistent infections caused by Borna virus', 
Infection, 2: 64-9. 
McAfee, M. S., T. P. Huynh, J. L. Johnson, B. L. Jacobs, and J. N. Blattman. 2015. 
'Interaction between unrelated viruses during in vivo co-infection to limit 
pathology and immunity', Virology, 484: 153-62. 
Meerburg, B. G., G. R. Singleton, and A. Kijlstra. 2009. 'Rodent-borne diseases and 
their risks for public health', Crit Rev Microbiol, 35: 221-70. 
Mettenleiter, T. C., B. G. Klupp, and H. Granzow. 2009. 'Herpesvirus assembly: an 
update', Virus Res, 143: 222-34. 
Metzler, A., F. Ehrensperger, and K. Danner. 1979. 'Bornavirus-Infektion bei 
Schafen: Verlaufsuntersuchungen nach spontaner Infektion, unter besonderer 
Berücksichtigung der Antikörperkinetik im Serum und Liquor Cerebrospinalis', 
Schweiz Arch Tierheilkd, 121: 37-48. 
Metzler, A., U. Frei, and K. Danner. 1976. 'Virologically confirmed outbreak of Borna's 
disease in a Swiss herd of sheep', Schweiz Arch Tierheilkd, 118: 483-92. 
Moens, U., S. Calvignac-Spencer, C. Lauber, T. Ramqvist, M. C. W. Feltkamp, M. D. 
Daugherty, E. J. Verschoor, B. Ehlers, and ICTV Report Consortium. 2017. 





Moens, U., A. Krumbholz, B. Ehlers, R. Zell, R. Johne, S. Calvignac-Spencer, and C. 
Lauber. 2017. 'Biology, evolution, and medical importance of polyomaviruses: 
An update', Infect Genet Evol, 54: 18-38. 
Moens, U., M. Van Ghelue, and M. Johannessen. 2007. 'Oncogenic potentials of the 
human polyomavirus regulatory proteins', Cell Mol Life Sci, 64: 1656-78. 
Moens, U.; Rekvig, O. P. 2001. 'Molecular biology of BK virus and clinical and basic 
aspects of BK virus renal infection.' in K; Stoner Khalili, G. L. (ed.), Human 
Polyomavirus. Molecular and Clinical Perspectives (Wiley & Sons: New York). 
Morales, J. A., S. Herzog, C. Kompter, K. Frese, and R. Rott. 1988. 'Axonal transport 
of Borna disease virus along olfactory pathways in spontaneously and 
experimentally infected rats', Med Microbiol Immunol, 177: 51-68. 
Nainys, J., A. Timinskas, J. Schneider, R. G. Ulrich, and A. Gedvilaite. 2015. 
'Identification of Two Novel Members of the Tentative Genus 
Wukipolyomavirus in Wild Rodents', PLoS One, 10: e0140916. 
Nemirov, K., O. Vapalahti, A. Lundkvist, V. Vasilenko, I. Golovljova, A. Plyusnina, J. 
Niemimaa, J. Laakkonen, H. Henttonen, A. Vaheri, and A. Plyusnin. 1999. 
'Isolation and characterization of Dobrava hantavirus carried by the striped 
field mouse (Apodemus agrarius) in Estonia', J Gen Virol, 80 ( Pt 2): 371-79. 
Nie, F. Y., J. H. Tian, X. D. Lin, B. Yu, J. G. Xing, J. H. Cao, E. C. Holmes, R. Z. Ma, 
and Y. Z. Zhang. 2019. 'Discovery of a highly divergent hepadnavirus in 
shrews from China', Virology, 531: 162-70. 
Niller, Hans Helmut, Klemens Angstwurm, Dennis Rubbenstroth, Kore Schlottau, Arnt 
Ebinger, Sebastian Giese, Silke Wunderlich, Bernhard Banas, Leonie F. Forth, 
Donata Hoffmann, Dirk Höper, Martin Schwemmle, Dennis Tappe, Jonas 
Schmidt-Chanasit, Daniel Nobach, Christiane Herden, Christoph 
Brochhausen, Natalia Velez-Char, Andreas Mamilos, Kirsten Utpatel, Matthias 
Evert, Saida Zoubaa, Markus J. Riemenschneider, Viktoria Ruf, Jochen 
Herms, Georg Rieder, Mario Errath, Kaspar Matiasek, Jürgen Schlegel, 
Friederike Liesche-Starnecker, Bernhard Neumann, Kornelius Fuchs, Ralf A. 
Linker, Bernd Salzberger, Tobias Freilinger, Lisa Gartner, Jürgen J. Wenzel, 
Udo Reischl, Wolfgang Jilg, André Gessner, Jonathan Jantsch, Martin Beer, 
and Barbara Schmidt. 2020. 'Zoonotic spillover infections with Borna disease 
virus 1 leading to fatal human encephalitis, 1999-2019: an epidemiological 
investigation', The Lancet Infectious Diseases. 
Nitzschke, E. 1963. 'Untersuchungen über die experimentelle Bornavirus-Infektion 
bei der Ratte', Zentralbl Veterinarmed B, 10: 470-527. 
Nobach, D., M. Bourg, S. Herzog, H. Lange-Herbst, J. A. Encarnacao, M. Eickmann, 
and C. Herden. 2015. 'Shedding of infectious Borna disease virus 1 in living 
bicolored white-toothed shrews', PLoS One, 10: e0137018. 
Nobach, D., and C. Herden. 2020. 'No evidence for European bats serving as 
reservoir for Borna disease virus 1 or other known mammalian 
orthobornaviruses', Virol J, 17: 11. 
Padgett, B. L., D. L. Walker, G. M. ZuRhein, R. J. Eckroade, and B. H. Dessel. 1971. 
'Cultivation of papova-like virus from human brain with progressive multifocal 
leucoencephalopathy', Lancet, 1: 1257-60. 
Pellett, PE, and B Roizman. 2013. 'Herpesviridae.' in MD Knipe and PM Howley 
(eds.), Fields Virology - 6th ed. (Lippincott William & Wilkins). 
Plyusnin, A., O. Vapalahti, H. Lankinen, H. Lehväslaiho, N. Apekina, Y. Myasnikov, 
H. Kallio-Kokko, H. Henttonen, A. Lundkvist, and M. Brummer-Korvenkontio. 
1994. 'Tula virus: a newly detected hantavirus carried by European common 




Prepens, S., K. A. Kreuzer, F. Leendertz, A. Nitsche, and B. Ehlers. 2007. 'Discovery 
of herpesviruses in multi-infected primates using locked nucleic acids (LNA) 
and a bigenic PCR approach', Virol J, 4: 84. 
Priestnall, S. L., S. Schöniger, P. A. Ivens, M. Eickmann, L. Brachthäuser, K. Kehr, C. 
Tupper, R. J. Piercy, N. J. Menzies-Gow, and C. Herden. 2011. 'Borna 
disease virus infection of a horse in Great Britain', Vet Rec, 168: 380b. 
Puorger, M. E., M. Hilbe, J. P. Müller, J. Kolodziejek, N. Nowotny, K. Zlinszky, and F. 
Ehrensperger. 2010. 'Distribution of Borna disease virus antigen and RNA in 
tissues of naturally infected bicolored white-toothed shrews, Crocidura 
leucodon, supporting their role as reservoir host species', Vet Pathol, 47: 236-
44. 
Rasche, A., F. Lehmann, A. Konig, N. Goldmann, V. M. Corman, A. Moreira-Soto, A. 
Geipel, D. van Riel, Y. A. Vakulenko, A. L. Sander, H. Niekamp, R. Kepper, M. 
Schlegel, C. Akoua-Koffi, B. F. C. D. Souza, F. Sahr, A. Olayemi, V. Schulze, 
R. Petraityte-Burneikiene, A. Kazaks, K. A. A. T Lowjaga, J. Geyer, T. Kuiken, 
C. Drosten, A. N. Lukashev, E. Fichet-Calvet, R. G. Ulrich, D. Glebe, and J. F. 
Drexler. 2019. 'Highly diversified shrew hepatitis B viruses corroborate ancient 
origins and divergent infection patterns of mammalian hepadnaviruses', Proc 
Natl Acad Sci U S A, 116: 17007-12. 
Reece, JB., LA. Urry, ML. Cain, SA. Wasserman, PV. Minorsky, and RB. Jackson. 
2011. Campbell Biology (9th Edition) (Pearson Education). 
Richt, J. A., I. Pfeuffer, M. Christ, K. Frese, K. Bechter, and S. Herzog. 1997. 'Borna 
disease virus infection in animals and humans', Emerg Infect Dis, 3: 343-52. 
Richt, J. A., and R. Rott. 2001. 'Borna disease virus: a mystery as an emerging 
zoonotic pathogen', Vet J, 161: 24-40. 
Richt, J. A., L. Stitz, H. Wekerle, and R. Rott. 1989. 'Borna disease, a progressive 
meningoencephalomyelitis as a model for CD4+ T cell-mediated 
immunopathology in the brain', J Exp Med, 170: 1045-50. 
Roizman, B, DM Knipe, and RJ Whitley. 2013. 'Herpes Simplex Viruses.' in MD Knipe 
and PM Howley (eds.), Fields Virology - 6th ed. (Lippincott William & Wilkins). 
Rott, R., and H. Becht. 1995. 'Natural and experimental Borna disease in animals', 
Curr Top Microbiol Immunol, 190: 17-30. 
Rubbenstroth, D., K. Schlottau, M. Schwemmle, J. Rissland, and M. Beer. 2019. 
'Human bornavirus research: Back on track!', PLoS Pathog, 15: e1007873. 
Rubbenstroth, D., V. Schmidt, M. Rinder, M. Legler, S. Twietmeyer, P. Schwemmer, 
and V. M. Corman. 2016. 'Phylogenetic analysis supports horizontal 
transmission as a driving force of the spread of avian bornaviruses', PLoS 
One, 11: e0160936. 
Rundell, K., and R. Parakati. 2001. 'The role of the SV40 ST antigen in cell growth 
promotion and transformation', Semin Cancer Biol, 11: 5-13. 
Ryll, R., S. Bernstein, E. Heuser, M. Schlegel, P. Dremsek, M. Zumpe, S. Wolf, M. 
Pepin, D. Bajomi, G. Muller, A. C. Heiberg, C. Spahr, J. Lang, M. H. Groschup, 
H. Ansorge, J. Freise, S. Guenther, K. Baert, F. Ruiz-Fons, J. Pikula, N. Knap, 
Iota Tsakmakidis, C. Dovas, S. Zanet, C. Imholt, G. Heckel, R. Johne, and R. 
G. Ulrich. 2017. 'Detection of rat hepatitis E virus in wild Norway rats (Rattus 
norvegicus) and Black rats (Rattus rattus) from 11 European countries', Vet 
Microbiol, 208: 58-68. 
Ryll, R., G. Heckel, V. M. Corman, J. F. Drexler, and R. G. Ulrich. 2019. 'Genomic 





Sachsenröder, J., A. Braun, P. Machnowska, T. F. Ng, X. Deng, S. Guenther, S. 
Bernstein, R. G. Ulrich, E. Delwart, and R. Johne. 2014. 'Metagenomic 
identification of novel enteric viruses in urban wild rats and genome 
characterization of a group A rotavirus', J Gen Virol, 95: 2734-47. 
Sainsbury, A. W., R. Deaville, B. Lawson, W. A. Cooley, S. S. Farelly, M. J. Stack, P. 
Duff, C. J. McInnes, J. Gurnell, P. H. Russell, S. P. Rushton, D. U. Pfeiffer, P. 
Nettleton, and P. W. Lurz. 2008. 'Poxviral disease in red squirrels Sciurus 
vulgaris in the UK: spatial and temporal trends of an emerging threat', 
Ecohealth, 5: 305-16. 
Scheuch, M., D. Höper, and M. Beer. 2015. 'RIEMS: a software pipeline for sensitive 
and comprehensive taxonomic classification of reads from metagenomics 
datasets', BMC Bioinformatics, 16: 69. 
Schlegel, Mathias, Hanan Sheikh Ali, Nicole Stieger, Martin H. Groschup, Ronny 
Wolf, and Rainer G. Ulrich. 2012. 'Molecular Identification of Small Mammal 
Species Using Novel Cytochrome b Gene-Derived Degenerated Primers', 
Biochemical Genetics, 50: 440-47. 
Schlottau, K., L. Forth, K. Angstwurm, D. Höper, D. Zecher, F. Liesche, B. Hoffmann, 
V. Kegel, D. Seehofer, S. Platen, B. Salzberger, U. G. Liebert, H. H. Niller, B. 
Schmidt, K. Matiasek, M. J. Riemenschneider, C. Brochhausen, B. Banas, L. 
Renders, P. Moog, S. Wunderlich, C. L. Seifert, A. Barreiros, A. Rahmel, J. 
Weiss, D. Tappe, C. Herden, J. Schmidt-Chanasit, M. Schwemmle, D. 
Rubbenstroth, J. Schlegel, C. Pietsch, D. Hoffmann, J. Jantsch, and M. Beer. 
2018. 'Fatal Encephalitic Borna Disease Virus 1 in Solid-Organ Transplant 
Recipients', N Engl J Med, 379: 1377-79. 
Schlottau, K., B. Hoffmann, T. Homeier-Bachmann, C. Fast, R. G. Ulrich, M. Beer, 
and D. Hoffmann. 2017. 'Multiple detection of zoonotic variegated squirrel 
bornavirus 1 RNA in different squirrel species suggests a possible unknown 
origin for the virus', Arch Virol, 162: 2747-54. 
Schlottau, K., M. Jenckel, J. van den Brand, C. Fast, C. Herden, D. Höper, T. 
Homeier-Bachmann, J. Thielebein, N. Mensing, B. Diender, D. Hoffmann, R. 
G. Ulrich, T. C. Mettenleiter, M. Koopmans, D. Tappe, J. Schmidt-Chanasit, C. 
B. Reusken, M. Beer, and B. Hoffmann. 2017. 'Variegated squirrel bornavirus 
1 in squirrels, Germany and the Netherlands', Emerg Infect Dis, 23: 477-81. 
Schmidt, J. 1952. 'Die Bornakrankheit des Pferdes. 55 Jahre Forschung und Lehre', 
Arch Exp Veterinärmedizin, 6: 177-87. 
Schmidt, S., S. S. Essbauer, A. Mayer-Scholl, S. Poppert, J. Schmidt-Chanasit, B. 
Klempa, K. Henning, G. Schares, M. H. Groschup, F. Spitzenberger, D. 
Richter, G. Heckel, and R. G. Ulrich. 2014. 'Multiple infections of rodents with 
zoonotic pathogens in Austria', Vector Borne Zoonotic Dis, 14: 467-75. 
Schowalter, R. M., D. V. Pastrana, K. A. Pumphrey, A. L. Moyer, and C. B. Buck. 
2010. 'Merkel cell polyomavirus and two previously unknown polyomaviruses 
are chronically shed from human skin', Cell Host Microbe, 7: 509-15. 
Schulz, E., M. Gottschling, R. G. Ulrich, D. Richter, E. Stockfleth, and I. Nindl. 2012. 
'Isolation of three novel rat and mouse papillomaviruses and their genomic 
characterization', PLoS One, 7: e47164. 
Schulz, E., M. Gottschling, G. Wibbelt, E. Stockfleth, and I. Nindl. 2009. 'Isolation and 
genomic characterization of the first Norway rat (Rattus norvegicus) 
papillomavirus and its phylogenetic position within Pipapillomavirus, primarily 
infecting rodents', J Gen Virol, 90: 2609-14. 
Schüppel, KF, J Kinne, and M Reinacher. 1994. 'Bornavirus-Antigennachweis bei 




einem Zwergflußpferd (Choeropsos liberiensis)', Verh.bericht XXXVI. Int. 
Symp. Erkrankg. Zootiere: 189-94. 
Seki, M., K. Yanagihara, Y. Higashiyama, Y. Fukuda, Y. Kaneko, H. Ohno, Y. 
Miyazaki, Y. Hirakata, K. Tomono, J. Kadota, T. Tashiro, and S. Kohno. 2004. 
'Immunokinetics in severe pneumonia due to influenza virus and bacteria 
coinfection in mice', Eur Respir J, 24: 143-9. 
Siebrasse, E. A., A. Reyes, E. S. Lim, G. Zhao, R. S. Mkakosya, M. J. Manary, J. I. 
Gordon, and D. Wang. 2012. 'Identification of MW polyomavirus, a novel 
polyomavirus in human stool', J Virol, 86: 10321-6. 
Spurgeon, Megan E., and Paul F. Lambert. 2013. 'Merkel cell polyomavirus: A newly 
discovered human virus with oncogenic potential', Virology, 435: 118-30. 
Stitz, L., T. Bilzer, and O. Planz. 2002. 'The immunopathogenesis of Borna disease 
virus infection', Front Biosci, 7: d541-55. 
Sweet, B. H., and M. R. Hilleman. 1960. 'The vacuolating virus, S.V. 40', Proc Soc 
Exp Biol Med, 105: 420-7. 
Tadin, A., N. Turk, M. Korva, J. Margaletic, R. Beck, M. Vucelja, J. Habus, P. 
Svoboda, T. A. Zupanc, H. Henttonen, and A. Markotic. 2012. 'Multiple co-
infections of rodents with hantaviruses, Leptospira, and Babesia in Croatia', 
Vector Borne Zoonotic Dis, 12: 388-92. 
Tappe, D., C. Frank, T. Homeier-Bachmann, H. Wilking, V. Allendorf, K. Schlottau, C. 
Munoz-Fontela, M. Rottstegge, J. R. Port, J. Rissland, P. Eisermann, M. Beer, 
and J. Schmidt-Chanasit. 2019. 'Analysis of exotic squirrel trade and detection 
of human infections with variegated squirrel bornavirus 1, Germany, 2005 to 
2018', Euro Surveill, 24. 
Tappe, D., C. Frank, R. Offergeld, C. Wagner-Wiening, K. Stark, D. Rubbenstroth, S. 
Giese, E. Lattwein, M. Schwemmle, M. Beer, J. Schmidt-Chanasit, and H. 
Wilking. 2019. 'Low prevalence of Borna disease virus 1 (BoDV-1) IgG 
antibodies in humans from areas endemic for animal Borna disease of 
Southern Germany', Sci Rep, 9: 20154. 
Tappe, D., K. Schlottau, D. Cadar, B. Hoffmann, L. Balke, B. Bewig, D. Hoffmann, P. 
Eisermann, H. Fickenscher, A. Krumbholz, H. Laufs, M. Huhndorf, M. 
Rosenthal, W. Schulz-Schaeffer, G. Ismer, S. K. Hotop, M. Bronstrup, A. Ott, 
J. Schmidt-Chanasit, and M. Beer. 2018. 'Occupation-Associated Fatal Limbic 
Encephalitis Caused by Variegated Squirrel Bornavirus 1, Germany, 2013', 
Emerg Infect Dis, 24: 978-87. 
Toussaint, J. F., C. Sailleau, E. Breard, S. Zientara, and K. De Clercq. 2007. 
'Bluetongue virus detection by two real-time RT-qPCRs targeting two different 
genomic segments', Journal of Virological Methods, 140: 115-23. 
Tsoleridis, T., O. Onianwa, E. Horncastle, E. Dayman, M. Zhu, T. Danjittrong, M. 
Wachtl, J. M. Behnke, S. Chapman, V. Strong, P. Dobbs, J. K. Ball, R. E. 
Tarlinton, and C. P. McClure. 2016. 'Discovery of Novel Alphacoronaviruses in 
European Rodents and Shrews', Viruses, 8: 84. 
Vahlenkamp, T. W., A. Konrath, M. Weber, and H. Muller. 2002. 'Persistence of 
Borna disease virus in naturally infected sheep', J Virol, 76: 9735-43. 
Weber, S., K. Jeske, R. G. Ulrich, C. Imholt, J. Jacob, M. Beer, and D. Hoffmann. 
2020. 'In Vivo Characterization of a Bank Vole-Derived Cowpox Virus Isolate 
in Natural Hosts and the Rat Model', Viruses, 12. 
Weissenböck, H., Z. Bago, J. Kolodziejek, B. Hager, G. Palmetzhofer, R. Dürrwald, 
and N. Nowotny. 2017. 'Infections of horses and shrews with Bornaviruses in 
Upper Austria: a novel endemic area of Borna disease', Emerg Microbes 




Wernike, K., C. Wylezich, D. Hoper, J. Schneider, P. W. W. Lurz, A. Meredith, E. 
Milne, M. Beer, and R. G. Ulrich. 2018. 'Widespread occurrence of squirrel 
adenovirus 1 in red and grey squirrels in Scotland detected by a novel real-
time PCR assay', Virus Res, 257: 113-18. 
Williams, S. H., X. Che, J. A. Garcia, J. D. Klena, B. Lee, D. Muller, W. Ulrich, R. M. 
Corrigan, S. Nichol, K. Jain, and W. I. Lipkin. 2018. 'Viral Diversity of House 
Mice in New York City', MBio, 9. 
Wilson, Don E, Thomas E Lacher Jr, and Russell A Mittermeier. 2016. Handbook of 
the Mammals of the World: Rodents and Lagomorphs (Lynx Edicions). 
Wilson, Don E, and Russell A Mittermeier. 2018. Handbook of the Mammals of the 
World: Insectivores, Sloths and Colugos (Lynx Edicions). 
Woolhouse, M. E., J. P. Webster, E. Domingo, B. Charlesworth, and B. R. Levin. 
2002. 'Biological and biomedical implications of the co-evolution of pathogens 
and their hosts', Nat Genet, 32: 569-77. 
Wu, Z., L. Lu, J. Du, L. Yang, X. Ren, B. Liu, J. Jiang, J. Yang, J. Dong, L. Sun, Y. 
Zhu, Y. Li, D. Zheng, C. Zhang, H. Su, Y. Zheng, H. Zhou, G. Zhu, H. Li, A. 
Chmura, F. Yang, P. Daszak, J. Wang, Q. Liu, and Q. Jin. 2018. 'Comparative 
analysis of rodent and small mammal viromes to better understand the wildlife 
origin of emerging infectious diseases', Microbiome, 6: 178. 
Wylezich, C., A. Papa, M. Beer, and D. Hoper. 2018. 'A Versatile Sample Processing 
Workflow for Metagenomic Pathogen Detection', Sci Rep, 8: 13108. 
Zimmermann, V., M. Rinder, B. Kaspers, P. Staeheli, and D. Rubbenstroth. 2014. 
'Impact of antigenic diversity on laboratory diagnosis of Avian bornavirus 
infections in birds', J Vet Diagn Invest, 26: 769-77. 
Zwick, W., O. Seifried, and J. Witte. 1927. 'Experimentelle Untersuchungen über die 
seuchenhafte Gehirn- und Rückenmarksentzündung der Pferde (Bornasche 
Krankheit)', Zeitschrift für Infektionskrankheiten, parasitäre Krankheiten und 


















9  Supplement 





Virus Abbreviation Host Host family Detection method Reference 
ssDNAa 
(linear) 




Cricetidae Illumina (HiSeq 2500 
system) 
(Wu et al. 2018) 




Cricetidae Illumina (HiSeq 2500 
system) 
(Wu et al. 2018) 




Cricetidae Illumina (HiSeq 2500 
system) 
(Wu et al. 2018) 







Illumina (HiSeq 2500 
system) 
 
(Wu et al. 2018) 
      RtMr-ParV-
JL2014-2 
Myodes rutilus Cricetidae Illumina (HiSeq 2500 
system) 
(Wu et al. 2018) 




Cricetidae Illumina (HiSeq 2500 
system) 
(Wu et al. 2018) 




Muridae Illumina (HiSeq 2500 
system) 
(Wu et al. 2018) 
      RtMc-ParV-
YN2014 
Mus caroli Muridae Illumina (HiSeq 2500 
system) 
(Wu et al. 2018) 




Muridae Illumina (HiSeq 2500 
system) 
(Wu et al. 2018) 




Muridae Illumina (HiSeq 2500 
system) 
(Wu et al. 2018) 







Illumina (HiSeq 2500 
system) 
 
(Wu et al. 2018) 




Muridae Illumina (HiSeq 2500 
system) 
(Wu et al. 2018) 









Virus Abbreviation Host Host family Detection method Reference 




Muridae Illumina (HiSeq 2500 
system) 
(Wu et al. 2018) 
      RtRn-ParV-
GZ2016 
Rattus nitidus Muridae Illumina (HiSeq 2500 
system) 
(Wu et al. 2018) 




Muridae Illumina (HiSeq 2500 
system) 
(Wu et al. 2018) 
    Rat bocavirus - Rattus 
norvegicus 
Muridae HTSb (Illumina MiSeq 
instrument), conventional 
PCR 
(Lau et al. 2017; 
Sachsenröder et 
al. 2014) 




Sciuridae Illumina (HiSeq 2500 
system) 
(Wu et al. 2018) 
ssDNA 
(circular) 




Cricetidae Illumina (HiSeq 2500 
system) 
(Wu et al. 2018) 




Cricetidae Illumina (HiSeq 2500 
system) 
(Wu et al. 2018) 




Cricetidae Illumina (HiSeq 2500 
system) 
(Wu et al. 2018) 
    Rodent circovirus RtMc-CV-
1/Tibet2014 
Microtus clarkei Cricetidae Illumina (HiSeq 2500 
system) 
(Wu et al. 2018) 
    Rodent circovirus RtMc-CV-
2/Tibet2014 
Microtus clarkei Cricetidae Illumina (HiSeq 2500 
system) 
(Wu et al. 2018) 




Dipodidae Illumina (HiSeq 2500 
system) 
(Wu et al. 2018) 
    Rodent circovirus RtDs-
CV/IM2014 
Dipus sagitta Dipodidae Illumina (HiSeq 2500 
system) 
(Wu et al. 2018) 
        
        









Virus Abbreviation Host Host family Detection method Reference 




Muridae Illumina (HiSeq 2500 
system) 
(Wu et al. 2018) 




Muridae Illumina (HiSeq 2500 
system) 
(Wu et al. 2018) 




Muridae Illumina (HiSeq 2500 
system) 
(Wu et al. 2018) 




Muridae Illumina (HiSeq 2500 
system) 
(Wu et al. 2018) 




Muridae Illumina (HiSeq 2500 
system) 
(Wu et al. 2018) 
    Rodent circovirus RtNe-
CV/YN2013 
Niviventer eha Muridae Illumina (HiSeq 2500 
system) 
(Wu et al. 2018) 




Muridae Illumina (HiSeq 2500 
system) 
(Wu et al. 2018) 




Muridae Illumina (HiSeq 2500 
system) 
(Wu et al. 2018) 




Muridae Illumina (HiSeq 2500 
system) 
(Wu et al. 2018) 




Muridae Illumina (HiSeq 2500 
system) 
(Wu et al. 2018) 
    Rodent circovirus Shrew-
CV/Tibet2014 
Sorex araneus Soricidae Illumina (HiSeq 2500 
system) 




















Muridae Illumina (HiSeq 2500 
system) 
(Wu et al. 
2018) 
    Apodemus 
sylvaticus 
papillomavirus 1 
AsPyV 1 Apodemus 
sylvaticus 
Muridae Rolling circle amplification 
(RCA) and subsequent 
dideoxy-chain termination 
sequencing 
(Schulz et al. 
2012)  
    laboratory mouse 
papillomavirus 
MusPV Mus musculus Muridae Rolling circle amplification 
(RCA) and subsequent 
dideoxy-chain termination 
sequencing 
(Joh et al. 
2011) 
    Rattus norvegicus 
papilloma-virus 1/2 
RnPV 1/2 Rattus 
norvegicus 
Muridae Rolling circle amplification 
(RCA) and subsequent 
dideoxy-chain termination 
sequencing 
(Schulz et al. 
2012; Schulz et 
al. 2009) 






Muridae Illumina (HiSeq 2500 
system) 






Common vole PyV CVPyV Microtus arvalis Cricetidae conventional PCR (nested 
format) 
(Nainys et al. 
2015) 
    Bank vole PyV BVPyV Myodes 
glareolus 
Cricetidae conventional PCR (nested 
format) 
(Nainys et al. 
2015) 
    Myocaster coypus 
polyomavirus 1 
McPyV 1 Myocaster 
coypus 
Echimyidae HTS (Illumina MiSeq 
instrument) 
(da Silva et al. 
2018) 
    Glis glis 
polyomavirus 1 
GgliPyV 1 Glis glis Gliridae conventional PCR (nested 
format) 










Virus Abbreviation Host Host family Detection method Reference 
    Apodemus flavicollis 
polyomavirus 1 
AflaPyV 1 Apodemus 
flavicollis 
Muridae conventional PCR (nested 
format) 
(Ehlers et al. 
2019) 








conventional PCR (nested 
format) 
 
(Ehlers et al. 
2019) 










Illumina (HiSeq 2500 
system) 
(Williams et al. 
2018) 
    Rattus norvegicus 
polyomavirus 1 
RnorPyV 1 Rattus 
norvegicus 
Muridae conventional PCR (nested 
format) 
(Ehlers et al. 
2019) 
    Rattus norvegicus 
polyomavirus 2 
RatPyV 2 Rattus 
norvegicus 
Muridae Illumina (HiSeq 3000 
system) 
(Besch-Williford 
et al. 2017) 
    Sorex araneus 
polyomavirus 1 
SaraPyV 1 Sorex 
araneus 












    Sorex minutus 
polyomavirus 1 
SminPyV 1 Sorex 
minutus 














Cricetidae Illumina (HiSeq 2500 
system) 
(Wu et al. 
2018) 




Cricetidae Illumina (HiSeq 2500 
system) 
(Wu et al. 
2018) 




Cricetidae Illumina (HiSeq 2500 
system) 
(Wu et al. 
2018) 




Muridae Illumina (HiSeq 2500 
system) 
(Wu et al. 
2018) 









Virus Abbreviation Host Host family Detection method Reference 




Sciuridae pan-viral microarray 
(PVM) (version Biochip 





Wernike et al. 
2018) 




Sciuridae Illumina (HiSeq 2500 
system) 
(Wu et al. 
2018) 




Soricidae Illumina (HiSeq 2500 
system) 
(Wu et al. 
2018) 




Soricidae Illumina (HiSeq 2500 
system) 










AterCMV 1 Arvicola 
terrestris 
Cricetidae conventional PCR (nested 
format) 
(Ehlers et al. 
2007) 
  Microtus agrestis 
cytomegalovirus 1 
MagrCMV 1 Microtus 
agrestis 
Cricetidae conventional PCR (nested 
format) 
(Ehlers et al. 
2007) 
    Microtus arvalis 
cytomegalovirus 1 
MarvCMV 1 Microtus 
arvalis 
Cricetidae conventional PCR (nested 
format) 
(Ehlers et al. 
2007) 
    Myodes glareolus 
cytomegalovirus 1 
MglaCMV 1 Myodes 
glareolus 
Cricetidae conventional PCR (nested 
format) 
(Ehlers et al. 
2007) 
    Ondatra zibethicus 
cytomegalovirus 1 
OzibCMV 1 Ondatra 
zibethicus 
Cricetidae conventional PCR (nested 
format) 










Virus Abbreviation Host Host family Detection method Reference 






AflaCMV 1/2/3 Apodemus 
flavicollis 
Muridae conventional PCR (nested 
format) 
(Ehlers et al. 
2007) 
  Apodemus sylvaticus 
cytomegalovirus 1 
AsylCMV 1 Apodemus 
sylvaticus 
Muridae conventional PCR (nested 
format) 
(Ehlers et al. 
2007) 







Muridae conventional PCR (nested 
format) 
(Ehlers et al. 
2007) 
    Mus cervicolor 
cytomegalovirus 1 
McerCMV 1 Mus 
cervicolor 
Muridae conventional PCR (nested 
format) 
(Ehlers et al. 
2007) 




Muridae conventional PCR (nested 
format) 
(Ehlers et al. 
2007) 
    Rattus exulans 
cytomegalovirus 1 
RexuCMV 1 Rattus 
exulans 
Muridae conventional PCR (nested 
format) 
(Ehlers et al. 
2007) 




Muridae conventional PCR (nested 
format) 
(Ehlers et al. 
2007) 




Muridae conventional PCR (nested 
format) 
(Ehlers et al. 
2007) 
    Rattus rattus 
cytomegalovirus 1 
RratCMV 1 Rattus rattus Muridae conventional PCR (nested 
format) 
(Ehlers et al. 
2007) 
    Rattus tiomanicus 
cytomegalovirus 1 
RtioCMV 1 Rattus 
tiomanicus 
Muridae conventional PCR (nested 
format) 





















MagrRHV 1 Microtus 
agrestis 
Cricetidae conventional PCR (nested 
format) 
(Ehlers et al. 
2007) 
  Myodes glareolus 
rhadinovirus 1 
MglaRHV 1 Myodes 
glareolus 
Cricetidae conventional PCR (nested 
format) 
(Ehlers et al. 
2007) 
    Apodemus agrarius 
rhadinovirus 1 
AagrRHV 1 Apodemus 
agrarius 
Muridae conventional PCR (nested 
format) 
(Ehlers et al. 
2007) 




A. flavicollis,  
A. sylvaticus 
Muridae conventional PCR (nested 
format) 
(Ehlers et al. 
2007) 
    Apodemus 
flavicollis 
rhadinovirus 1 
AflaRHV 1 Apodemus 
flavicollis 
Muridae conventional PCR (nested 
format) 
(Ehlers et al. 
2007) 
    Apodemus 
sylvaticus 
rhadinovirus 1 
AsylRHV 1 Apodemus 
sylvaticus 
Muridae conventional PCR (nested 
format) 
(Ehlers et al. 
2007) 






Muridae conventional PCR (nested 
format) 
(Ehlers et al. 
2007) 
    Bandicota savilei 
rhadinovirus 1 
BsavRHV 1 Bandicota 
savilei 
Muridae conventional PCR (nested 
format) 
(Ehlers et al. 
2007) 
    Mus cervicolor 
rhadinovirus 1 
McerRHV 1 Mus cervicolor Muridae conventional PCR (nested 
format) 
(Ehlers et al. 
2007) 
    Mus musculus 
rhadinovirus 1 
MmusRHV 1 Mus musculus Muridae conventional PCR (nested 
format) 
(Ehlers et al. 
2007) 
    Rattus exulans 
rhadinovirus 1/2 
RexuRHV 1/2 Rattus exulans Muridae conventional PCR (nested 
format) 










Virus Abbreviation Host Host family Detection method Reference 
    Rattus norvegicus 
rhadinovirus 1/2 
RnorRHV 1/2 Rattus 
norvegicus 
Muridae conventional PCR (nested 
format) 
(Ehlers et al. 
2007) 
    Rattus rattus 
rhadinovirus 1/2/3 
RratRHV 1/2/3 Rattus rattus Muridae conventional PCR (nested 
format) 
(Ehlers et al. 
2007) 
    Rattus tiomanicus 
rhadinovirus 1/2 
RtioRHV 1/2 Rattus 
tiomanicus 
Muridae conventional PCR (nested 
format) 




Poxviridae Squirrelpox virus SQPV Sciurus 
carolinensis,  
Sc. vulgaris 
Sciuridae electron microscopy, RT-
qPCR 





















      Crocidura 
olivieri 








      Sorex 
coronatus 






























Cricetidae Illumina (HiSeq 2500 
system) 
(Wu et al. 2018) 





Cricetidae Illumina (HiSeq 2500 
system) 
(Wu et al. 2018) 





Cricetidae Illumina (HiSeq 2500 
system) 
(Wu et al. 2018) 
    Rodent arterivirus RtMc-
Arterivirus/ 
Tibet2014 
Microtus clarkei Cricetidae Illumina (HiSeq 2500 
system) 
(Wu et al. 2018) 





Cricetidae Illumina (HiSeq 2500 
system) 
(Wu et al. 2018) 
    Rodent arterivirus RtDs-
Arterivirus-4/ 
IM2014 
Dipus sagitta Dipodidae Illumina (HiSeq 2500 
system) 
(Wu et al. 2018) 
    Rodent arterivirus RtDs-
Arterivirus-1/ 
IM2014 
Dipus sagitta Dipodidae Illumina (HiSeq 2500 
system) 








Cricetidae Illumina (HiSeq 2500 
system) 
(Wu et al. 2018) 




Cricetidae Illumina (HiSeq 2500 
system) 
(Wu et al. 2018) 




Cricetidae Illumina (HiSeq 2500 
system) 
(Wu et al. 2018) 









Virus Abbreviation Host Host family Detection method Reference 




Cricetidae Illumina (HiSeq 2500 
system) 
(Wu et al. 2018) 
    Rodent astrovirus RtMc-AstV/ 
Tibet2014 
Microtus clarkei Cricetidae Illumina (HiSeq 2500 
system) 
(Wu et al. 2018) 
    Rodent astrovirus RtMf-AstV/ 
FJ2015 
Microtus fortis Cricetidae Illumina (HiSeq 2500 
system) 
(Wu et al. 2018) 




Cricetidae Illumina (HiSeq 2500 
system) 
(Wu et al. 2018) 




Cricetidae Illumina (HiSeq 2500 
system) 
(Wu et al. 2018) 




Cricetidae Illumina (HiSeq 2500 
system) 
(Wu et al. 2018) 




Cricetidae Illumina (HiSeq 2500 
system) 
(Wu et al. 2018) 




Muridae Illumina (HiSeq 2500 
system) 
(Wu et al. 2018) 




Muridae Illumina (HiSeq 2500 
system) 
(Wu et al. 2018) 




Muridae Illumina (HiSeq 2500 
system) 
(Wu et al. 2018) 




Muridae Illumina (HiSeq 2500 
system) 
(Wu et al. 2018) 




Muridae Illumina (HiSeq 2500 
system) 
(Wu et al. 2018) 




Muridae Illumina (HiSeq 2500 
system) 
(Wu et al. 2018) 




Muridae Illumina (HiSeq 2500 
system) 









Virus Abbreviation Host Host family Detection method Reference 




Muridae Illumina (HiSeq 2500 
system) 
(Wu et al.2018) 




Muridae Illumina (HiSeq 2500 
system) 
(Wu et al. 2018) 




Muridae Illumina (HiSeq 2500 
system) 
(Wu et al. 2018) 




Muridae Illumina (HiSeq 2500 
system) 
(Wu et al. 2018) 




Muridae Illumina (HiSeq 2500 
system) 
(Wu et al. 2018) 
    Rodent astrovirus RtMc-
AstV/YN2013 
Mus caroli Muridae Illumina (HiSeq 2500 
system) 
(Wu et al. 2018) 
    Rodent astrovirus RtMm-
AstV/GD2015 
Mus musculus Muridae Illumina (HiSeq 2500 
system) 
(Wu et al. 2018) 
    Rodent astrovirus RtMm-
AstV/ZJ2016 
Mus musculus Muridae Illumina (HiSeq 2500 
system) 
(Wu et al. 2018) 
    Rodent astrovirus RtMp-
AstV/YN2013 
Mus pahari Muridae Illumina (HiSeq 2500 
system) 
(Wu et al. 2018) 




Muridae Illumina (HiSeq 2500 
system) 
(Wu et al. 2018) 




Muridae Illumina (HiSeq 2500 
system) 
(Wu et al. 2018) 




Muridae Illumina (HiSeq 2500 
system) 
(Wu et al. 2018) 




Muridae Illumina (HiSeq 2500 
system) 









Virus Abbreviation Host Host family Detection method Reference 




Muridae Illumina (HiSeq 2500 
system) 
(Wu et al. 2018) 




Muridae Illumina (HiSeq 2500 
system) 
(Wu et al. 2018) 
    Rodent astrovirus RtNe-
AstV/YN2013 
Niviventer eha Muridae Illumina (HiSeq 2500 
system) 
(Wu et al. 2018) 




Muridae Illumina (HiSeq 2500 
system) 
(Wu et al. 2018) 




Muridae Illumina (HiSeq 2500 
system) 
(Wu et al. 2018) 




Muridae Illumina (HiSeq 2500 
system) 
(Wu et al. 2018) 
    Rodent astrovirus RtRl-AstV-
1/HaiN2015 
Rattus losea Muridae Illumina (HiSeq 2500 
system) 
(Wu et al. 2018) 
    Rodent astrovirus RtRl-AstV-
2/HaiN2015 
Rattus losea Muridae Illumina (HiSeq 2500 
system) 
(Wu et al. 2018) 
    Rodent astrovirus RtRl-AstV-
1/GD2015 
Rattus losea Muridae Illumina (HiSeq 2500 
system) 
(Wu et al. 2018) 
    Rodent astrovirus RtRl-AstV-
2/GD2015 
Rattus losea Muridae Illumina (HiSeq 2500 
system) 
(Wu et al. 2018) 
    Rodent astrovirus RtRnit-
AstV/GZ2015 
Rattus nitidus Muridae Illumina (HiSeq 2500 
system) 
(Wu et al. 2018) 




Muridae Illumina (HiSeq 2500 
system) 
(Wu et al. 2018) 




Muridae Illumina (HiSeq 2500 
system) 









Virus Abbreviation Host Host family Detection method Reference 




Muridae Illumina (HiSeq 2500 
system) 
(Wu et al. 2018) 




Muridae Illumina (HiSeq 2500 
system) 
(Wu et al. 2018) 




Muridae Illumina (HiSeq 2500 
system) 
(Wu et al. 2018) 




Muridae Illumina (HiSeq 2500 
system) 
(Wu et al. 2018) 




Muridae Illumina (HiSeq 2500 
system) 
(Wu et al. 2018) 




Muridae Illumina (HiSeq 2500 
system) 
(Wu et al. 2018) 




Muridae Illumina (HiSeq 2500 
system) 
(Wu et al. 2018) 




Muridae Illumina (HiSeq 2500 
system) 
(Wu et al. 2018) 




Muridae Illumina (HiSeq 2500 
system) 
(Wu et al. 2018) 
    Rodent astrovirus Shrew-
AstV/SAX201
5 
Sorex araneus Soricidae Illumina (HiSeq 2500 
system) 
(Wu et al. 2018) 
    Rodent astrovirus Shrew-
AstV/GX2016 
Sorex araneus Soricidae Illumina (HiSeq 2500 
system) 
(Wu et al. 2018) 
    Rodent astrovirus Shrew-
AstV/ZJ2016 
Suncus murinus Soricidae Illumina (HiSeq 2500 
system) 



















Ro-SaV 1/2 Rattus 
norvegicus 





Sorex araneus Soricidae Illumina (HiSeq 2500 
system) 











Cricetidae Illumina (HiSeq 2500 
system) 
(Wu et al. 2018) 




Cricetidae conventional PCR (Tsoleridis et al. 
2016) 






Cricetidae Illumina (HiSeq 2500 
system) 
(Wu et al. 2018) 
    Myodes glareolus 
alphacoronavirus 
  Myodes 
glareolus 
Cricetidae conventional PCR (Tsoleridis et al. 
2016) 






Cricetidae Illumina (HiSeq 2500 
system) 
(Wu et al. 2018) 






Cricetidae Illumina (HiSeq 2500 
system) 
(Wu et al. 2018) 






Cricetidae Illumina (HiSeq 2500 
system) 
(Wu et al. 2018) 




Myodes rutilus Cricetidae Illumina (HiSeq 2500 
system) 
(Wu et al. 2018) 






Dipodidae Illumina (HiSeq 2500 
system) 
(Wu et al. 2018) 






Muridae Illumina (HiSeq 2500 
system) 
(Wu et al. 2018) 






Muridae Illumina (HiSeq 2500 
system) 









Virus Abbreviation Host Host family Detection method Reference 




Muridae Illumina (HiSeq 2500 
system) 
(Wu et al. 2018) 




Muridae Illumina (HiSeq 2500 
system) 
(Wu et al. 2018) 




Muridae Illumina (HiSeq 2500 
system) 
(Wu et al. 2018) 





Muridae Illumina (HiSeq 2500 
system) 
(Wu et al. 2018) 




Muridae Illumina (HiSeq 2500 
system) 
(Wu et al. 2018) 




Muridae Illumina (HiSeq 2500 
system) 
(Wu et al. 2018) 




Muridae Illumina (HiSeq 2500 
system) 
(Wu et al. 2018) 




Muridae Illumina (HiSeq 2500 
system) 
(Wu et al. 2018) 




Muridae Illumina (HiSeq 2500 
system) 
(Wu et al. 2018) 




Muridae Illumina (HiSeq 2500 
system) 
(Wu et al. 2018) 
    Rodent coronavirus RtMc-CoV-
1/YN2013 
Mus caroli Muridae Illumina (HiSeq 2500 
system) 
(Wu et al. 2018) 
    Rodent coronavirus RtMc-CoV-
2/YN2013 
Mus caroli Muridae Illumina (HiSeq 2500 
system) 
(Wu et al. 2018) 
    Rodent coronavirus RtMm-
CoV/GD2015 
Mus musculus Muridae Illumina (HiSeq 2500 
system) 
(Wu et al. 2018) 




Muridae Illumina (HiSeq 2500 
system) 









Virus Abbreviation Host Host family Detection method Reference 




Muridae Illumina (HiSeq 2500 
system) 
(Wu et al. 2018) 




Muridae Illumina (HiSeq 2500 
system) 
(Wu et al. 2018) 




Muridae Illumina (HiSeq 2500 
system) 
(Wu et al. 2018) 
    Rodent coronavirus RtNe-CoV/ 
Tibet2014 
Niviventer eha Muridae Illumina (HiSeq 2500 
system) 
(Wu et al. 2018) 




Muridae Illumina (HiSeq 2500 
system) 
(Wu et al. 2018) 
    Rodent coronavirus RtRl-CoV/ 
FJ2015 
Rattus losea Muridae Illumina (HiSeq 2500 
system) 
(Wu et al. 2018) 




Muridae Illumina (HiSeq 2500 
system) 
(Wu et al. 2018) 




Muridae conventional PCR (Tsoleridis et al. 
2016) 
    Rodent coronavirus RtRnit-CoV/ 
GZ2015 
Rattus nitidus Muridae Illumina (HiSeq 2500 
system) 
(Wu et al. 2018) 




Muridae Illumina (HiSeq 2500 
system) 
(Wu et al. 2018) 




Muridae Illumina (HiSeq 2500 
system) 
(Wu et al. 2018) 




Muridae Illumina (HiSeq 2500 
system) 
(Wu et al. 2018) 
    Sorex araneus 
alphacoronavirus 
- Sorex araneus Soricidae conventional PCR (Tsoleridis et al. 
2016) 
    Rodent coronavirus Shrew-CoV/ 
Tibet2014 
Sorex araneus Soricidae Illumina (HiSeq 2500 
system) 




















Cricetidae Illumina (HiSeq 2500 
system) 
(Wu et al. 2018) 
  Rodent pestivirus RtMc-HCV/ 
Tibet2014 
Microtus clarkei Cricetidae Illumina (HiSeq 2500 
system) 
(Wu et al. 2018) 




Cricetidae Illumina (HiSeq 2500 
system) 
(Wu et al. 2018) 
 




Dipodidae Illumina (HiSeq 2500 
system) 
(Wu et al. 2018) 
    Rodent pestivirus RtDs-HCV/ 
IM2014 
Dipus sagitta Dipodidae Illumina (HiSeq 2500 
system) 
(Wu et al. 2018) 




Muridae Illumina (HiSeq 2500 
system) 
(Wu et al. 2018) 
  
 




Muridae Illumina (HiSeq 2500 
system) 
(Wu et al. 2018) 




Muridae Illumina (HiSeq 2500 
system) 
(Wu et al. 2018) 




Muridae Illumina (HiSeq 2500 
system) 
(Wu et al. 2018) 




Muridae Illumina (HiSeq 2500 
system) 
(Wu et al. 2018) 




Muridae Illumina (HiSeq 2500 
system) 
(Wu et al. 2018) 
    Norway rat 
hepacivirus 1/2 
NrHV 1/2 Rattus 
norvegicus 
Muridae HTS (Ion Torrent) (Firth et al. 
2014) 




Muridae HTS (Ion Torrent) (Firth et al. 
2014) 
























Cricetidae Illumina (HiSeq 2500 
system) 
(Wu et al. 2018) 




Cricetidae Illumina (HiSeq 2500 
system) 
(Wu et al. 2018) 




Cricetidae Illumina (HiSeq 2500 
system) 
(Wu et al. 2018) 




Cricetidae Illumina (HiSeq 2500 
system) 
(Wu et al. 2018) 
    Common vole-
associated 
hepatitis E virus 
- 
cvHEV Microtus arvalis Cricetidae RT-PCR (nested format) (Ryll et al. 
2019) 
        




Cricetidae Illumina (HiSeq 2500 
system) 
(Wu et al. 2018) 




Cricetidae Illumina (HiSeq 2500 
system) 
(Wu et al. 2018) 




Muridae Illumina (HiSeq 2500 
system) 
(Wu et al. 2018) 




Muridae Illumina (HiSeq 2500 
system) 
(Wu et al. 2018) 





Muridae real-time and 
conventional RT-PCR 
(nested format) 
(Ryll et al. 
2017) 




Muridae Illumina (HiSeq 2500 
system) 
(Wu et al. 2018) 














Picornaviridae   Rodent/Ee/Pi
coV/NX2015 
Caryomys eva Cricetidae Illumina (HiSeq 2500 
system) 
(Wu et al. 2018) 




Cricetidae Illumina (HiSeq 2500 
system) 
(Wu et al. 2018) 
      Rodent/Mc/Pi
coV/ 
Tibet2015 
Microtus clarkei Cricetidae Illumina (HiSeq 2500 
system) 
(Wu et al. 2018) 
      RtMrut-PicoV/ 
JL2014-1 
Myodes rutilus Cricetidae Illumina (HiSeq 2500 
system) 
(Wu et al. 2018) 
      RtMrut-PicoV/ 
JL2014-2 
Myodes rutilus Cricetidae Illumina (HiSeq 2500 
system) 
(Wu et al. 2018) 




Cricetidae Illumina (HiSeq 2500 
system) 
(Wu et al. 2018) 




Cricetidae Illumina (HiSeq 2500 
system) 
(Wu et al. 2018) 




Cricetidae Illumina (HiSeq 2500 
system) 
(Wu et al. 2018) 
      Rodent/Ds/Pi
coV/IM2014 
Dipus sagitta Dipodidae Illumina (HiSeq 2500 
system) 
(Wu et al. 2018) 




Muridae Illumina (HiSeq 2500 
system) 
(Wu et al. 2018) 




Muridae Illumina (HiSeq 2500 
system) 
(Wu et al. 2018) 
      RtRn-PicoV/ 
YN2014 
Mus caroli Muridae Illumina (HiSeq 2500 
system) 
(Wu et al. 2018) 
      RtMp-PicoV/ 
YN2014 
Mus pahari Muridae Illumina (HiSeq 2500 
system) 
(Wu et al. 2018) 









Virus Abbreviation Host Host family Detection method Reference 





Muridae Illumina (HiSeq 2500 
system) 
(Wu et al. 2018) 





Muridae Illumina (HiSeq 2500 
system) 
(Wu et al. 2018) 





Muridae Illumina (HiSeq 2500 
system) 
(Wu et al. 2018) 




Muridae Illumina (HiSeq 2500 
system) 
(Wu et al. 2018) 




Muridae Illumina (HiSeq 2500 
system) 
(Wu et al. 2018) 




Muridae Illumina (HiSeq 2500 
system) 
(Wu et al. 2018) 




Muridae Illumina (HiSeq 2500 
system) 
(Wu et al. 2018) 




Muridae Illumina (HiSeq 2500 
system) 
(Wu et al. 2018) 
      Rodent/RL/Pi
coV/FJ2015 
Rattus losea Muridae Illumina (HiSeq 2500 
system) 
(Wu et al. 2018) 
    Rat picornavirus - Rattus 
norvegicus 
Muridae HTS (Illumina MiSeq 
instrument) 
(Sachsenröder 
et al. 2014) 
    Norway rat 
kobuvirus 1/2 
NrKoV 1/2 Rattus 
norvegicus 
Muridae HTS (Ion Torrent) (Firth et al. 
2014) 




Muridae HTS (Ion Torrent) (Firth et al. 
2014) 














Virus Abbreviation Host Host family Detection method Reference 




Muridae HTS (Ion Torrent) (Firth et al. 
2014) 




Muridae Illumina (HiSeq 2500 
system) 











Sc. granatensis,  
Tamiops 
swinhoei 
Sciuridae HTS (Illumina MiSeq 
instrument) 
(Hoffmann, 














Muridae Illumina (HiSeq 2500 
system) 
(Wu et al. 2018) 




Sciuridae HTS (Illumina MiSeq 
instrument) 




Arenaviridae Rodent arenavirus RtDs-AreV/ 
IM2014 
Dipus sagitta Dipodidae Illumina (HiSeq 2500 
system) 
(Wu et al. 2018) 
    Rodent arenavirus RtMc-AreV/ 
YN2014 
Mus caroli Muridae Illumina (HiSeq 2500 
system) 
Wu et al. 2018 
    Rodent arenavirus RtRl-AreV/ 
HuN2015 
Rattus losea Muridae Illumina (HiSeq 2500 
system) 
(Wu et al. 2018) 




Muridae Illumina (HiSeq 2500 
system) 
(Wu et al. 2018) 




Muridae Illumina (HiSeq 2500 
system) 
(Wu et al. 2018) 
    Rodent arenavirus RtRf-AreV/ 
YN2014 
Rattus tanezumi Muridae Illumina (HiSeq 2500 
system) 









Virus Abbreviation Host Host family Detection method Reference 
-ssRNA 
(segmented) 
Hantaviridae Rodent hantavirus RtCe-
HV/NX2015 
Caryomys eva Cricetidae Illumina (HiSeq 2500 
system) 
(Wu et al. 2018) 




Cricetidae Illumina (HiSeq 2500 
system) 
(Wu et al. 2018) 




Cricetidae RT-PCR (Jeske et al. 
2019) 




Cricetidae Illumina (HiSeq 2500 
system) 
(Wu et al. 2018) 
    Rodent hantavirus RtMrut-
HV/JL2014 
Myodes rutilus Cricetidae Illumina (HiSeq 2500 
system) 
(Wu et al. 2018) 
    Rodent hantavirus RtDs-
HV/IM2014 
Dipus sagitta Dipodidae Illumina (HiSeq 2500 
system) 
(Wu et al. 2018) 




Muridae Illumina (HiSeq 2500 
system) 
(Wu et al. 2018) 




Muridae Illumina (HiSeq 2500 
system) 
(Wu et al. 2018) 




Muridae Illumina (HiSeq 2500 
system) 
(Wu et al. 2018) 




Muridae Illumina (HiSeq 2500 
system) 
(Wu et al. 2018) 




Muridae Illumina (HiSeq 2500 
system) 
(Wu et al. 2018) 




Muridae Illumina (HiSeq 2500 
system) 
(Wu et al. 2018) 
    Rodent hantavirus Shrew-
HV/Tibet2014 
Sorex araneus Soricidae Illumina (HiSeq 2500 
system) 
(Wu et al. 2018) 
    Rodent hantavirus Shrew-
HV/SX2014 
Sorex araneus Soricidae Illumina (HiSeq 2500 
system) 









Virus Abbreviation Host Host 
family 
Detection method Reference 
dsRNAf 
(segmented) 
Reoviridae Rat rotavirus - Rattus 
norvegicus 
Muridae HTS (Illumina MiSeq 
instrument) 
(Sachsenröder 
et al. 2014) 
    shrew rotavirus 
A 
RVA Sorex araneus Soricidae RT-PCR (Johne et al. 
2019) 
    shrew rotavirus 
C 
RVC Sorex araneus Soricidae RT-PCR (Johne et al. 
2019) 
    shrew rotavirus 
H 
RVH Sorex araneus Soricidae RT-PCR (Johne et al. 
2019) 
 
a single-stranded deoxyribonucleic acid 
b High-Throughput Sequencing 
c double-stranded deoxyribonucleic acid 
d single-stranded ribonucleic acid of positive polarity 
e single-stranded ribonucleic acid of negative polarity 







9.2.  List of abbreviations 
AflaPyV1  Apodemus flavicollis polyomavirus 1 
ATPase  adenosine-triphosphatase  
AUT   Austria 
BHV   betaherpesvirus 
BKPyV  BK polyomavirus 
BoDV-1/2  Borna disease virus 1/2 
BoHV-1/2/5  bovines herpesvirus 1/2/5 
bp   base pair 
CDS   coding sequence 
CeryBHV1  Callosciururs erythraeus betaherpesvirus 1 
CeryGHV1  Callosciurus erythraeus gammaherpesvirus 1  
CeryPyV1  Callosciurus erythraeus polyomavirus 1 
CpreBHV1  Callosciurus prevostii betaherpesvirus 1  
CpreGHV1  Callosciurus prevostii gammaherpesvirus 1 
CprePyV1  Callosciurus prevostii polyomavirus 1 
DNA   deoxyribonucleic acid  
DPOL   DNA polymerase 
dsDNA  double-stranded deoxyribonucleic acid 
dsRNA  double-stranded ribonucleic acid 
eGFP   enhanced green fluorescent protein 
EHV-1/4  equine herpesvirus 1/4 
FCS   fetal calf serum 
G   glycoprotein 





GgliPyV1  Glis glis polyomavirus 1 
GHV   gammaherpesvirus 
HHV-3  human alphaherpesvirus 3 
HSV-1  herpes simplex virus 1 
HTS   High-Throughput Sequencing 
HV   herpesviruses 
IC   internal control 
JCPyV  JC polyomavirus 
kb   kilobases 
kbp   kilobase pairs  
L   polymerase protein 
LD-PCR  long distance-PCR  
LIE   Liechtenstein 
LTAg   large T-antigen  
M   matrix protein 
MCPyV  Merkel cell polyomavirus  
MmusRHV1  Mus musculus rhadinovirus 1 
MnatPyV2  Mastomys natalensis polyomavirus 2 
MTAg   middle T-antigen  
N   nucleoprotein 
NCCR  non-coding control region  
NTC   no template control 
ORF   open reading frame 





PCR   polymerase chain reaction 
PyV   polyomavirus 
qPCR   quantitative polymerase chain reaction 
RNA   ribonucleic acid  
RnorPyV1  Rattus norvegicus polyomavirus 1 
RT-PCR  reverse transcription PCR 
RT-qPCR  quantitative reverse transcription polymerase chain reaction 
ScarBHV1  Sciurus carolinensis betaherpesvirus 1  
ScarGHV1/2  Sciurus carolinensis gammaherpesvirus 1/2 
ScarPyV1  Sciurus carolinensis polyomavirus 1 
SqAdV-1  Squirrel adenovirus 1 
SQPV   Squirrel poxvirus 
ssDNA  single-stranded deoxyribonucleic acid 
+ssRNA  single-stranded ribonucleic acid of positive polarity 
-ssRNA  single-stranded ribonucleic acid of negative polarity 
STAg   small T-antigen 
SUI   Switzerland 
SV40   simian virus 40 
SvarPyV1  Sciurus variegatoides polyomavirus 1 
SvulBHV1  Sciurus vulgaris betaherpesvirus 1  
TCR   transcription control region 
TstrGHV1  Tamias striatus gammaherpesvirus 1  
UricGHV1  Urocitellus richardsonii gammaherpesvirus 1 





VSBV-1  variegated squirrel bornavirus 1 
WGS   whole-genome sequencing 
X   X protein 
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